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dGLYAT modulates Gadd45‑mediated JNK 
activation and cell invasion
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Abstract 

Background:  Cell invasion is a crucial step of tumor metastasis, finding new regulators of which offers potential drug 
targets for cancer therapy. Aberrant GLYAT​ expression is associated with human cancers, yet its role in cancer remains 
unknown. This study aims to understand the function and mechanism of Drosophila GLYAT​ in cell invasion.

Results:  We found that dGLYAT regulates Gadd45-mediated JNK pathway activation and cell invasion. Firstly, loss of 
dGLYAT​ suppressed scrib depletion- or Egr overexpression-induced JNK pathway activation and invasive cell migration. 
Secondary, mRNA-seq analysis identified Gadd45 as a potential transcriptional target of dGLYAT, as depletion of dGLYAT​ 
decreased Gadd45 mRNA level. Finally, Gadd45 knockdown suppressed scrib depletion-induced JNK pathway activa-
tion and cell invasion.

Conclusions:  These evidences reveal the role of dGLYAT and Gadd45 in JNK-dependent cell invasion, and provide 
insight for the roles of their human homologs in cancers.

Keywords:  Drosophila, Cell invasion, JNK, dGLYAT​, Gadd45

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
Tumor metastasis, rather than primary tumor formation, 
is the main cause of fatality in cancer patients [1]. There-
fore, identifying additional factors involved in tumor cell 
invasion and metastasis is of great significance to develop 
novel strategies for cancer prevention and therapies 
[2]. Various approaches and model systems have been 
employed to comprehend the mechanisms underlying 
cancer metastasis, among which the fruit fly, Drosophila 
melanogaster, has emerged as an excellent model organ-
ism to dissect different cancer processes [3]. For example, 
depletion of cell polarity genes or C-terminal SRC kinase 

(Csk) in Drosophila larval wing disc epithelia induces epi-
thelia-mesenchymal transition (EMT)-like cell migration 
[4].

The Jun N-terminal Kinase (JNK) signaling is evolu-
tionarily conserved from Drosophila to human, and plays 
critical roles in cancer initiation and progression [5]. In 
Drosophila, the JNK pathway consists of a kinase cascade 
including the JNK kinase kinase such as dTAK1 [6], the 
JNK kinase hemipterous (Hep) [7], and the sole fly JNK 
Basket (Bsk) [8]. Upon activation of the kinase cascade 
by sequential phosphorylation, Bsk phosphorylates and 
activates downstream transcription factors including Jun 
and Fos, which form the AP-1 heterodimers [9]. puckered 
(puc), a transcriptional target of JNK signaling, encodes a 
JNK phosphatase that inhibits Bsk activity in a negative 
feed-back manner [10]. Previous studies in Drosophila 
have found that JNK signaling plays pivotal roles in cell 
proliferation, migration and apoptosis in normal devel-
opment, and promotes tumorigenic cell death and inva-
sion in a context dependent manner [11].
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Human glycine N-acyltransferases (GLYAT, GLYATL1, 
GLYATL2, and GLYATL3) promote conjugation of car-
boxylic acids to glycine and glutamine, which play crucial 
roles in the detoxification of endogenous and exogenous 
acyl-CoA. Previous studies suggest potential roles of 
GLYAT family members in various cancers, for instance, 
aberrant GLYAT expression has been associated with 
hepatocellular carcinomas and breast cancer [12], and 
reduced GLYATL1 expression is correlated with short 
overall survival in hepatocellular carcinoma patients [13]. 
On the other hand, data from the Oncomine Platform 
(https://​www.​oncom​ine.​org) show that GLYATL1 mRNA 
expression is up-regulated in colorectal and prostate can-
cers, but is down-regulated in kidney and liver cancers. 
Despite these association, the exact functions of GLYAT 
family proteins in cancers remain elusive. Our previous 
work found a Drosophila homolog of GLYAT (dGLYAT​
) is required for JNK-mediated cell death [14], yet two 
critical questions remain unanswered. Whether dGLYAT​ 
is required for other in  vivo functions of JNK pathway, 
and by which mechanism does dGLYAT​ regulate JNK 
signaling?

To address the above questions, we took advantage of 
the well-established Drosophila cell invasion model. In 
this model, knockdown of a cell polarity gene, e.g. scrib, 
lgl or dlg, along the anterior/posterior (A/P) compart-
ment boundary in 3rd instar larval wing imaginal discs by 
ptc-Gal4, induces JNK-dependent invasive cell migration 
[15]. To assess whether dGLYAT​ contributes to JNK–
mediated cell invasion, we depleted dGLYAT​ by muta-
tion or RNAi-mediated knockdown, and found dGLYAT​ 
is required for JNK-dependent cell invasion. In particular, 
loss of dGLYAT​ suppresses scrib depletion- or Egr over-
expression-induced JNK-dependent cell invasion, and 
impedes scrib knockdown-triggered JNK pathway acti-
vation. To investigate the mechanism by which dGLYAT 
regulates JNK signaling, we performed mRNA-seq analy-
sis, and found a significant reduction of Gadd45 (Growth 
Arrest and DNA Damage-inducible 45) mRNA level 
upon dGLYAT​ depletion. Finally, knockdown of Gadd45 
suppresses loss-of-scrib-induced JNK activation and cell 
invasion. Thus, these data provide the first in  vivo evi-
dence that dGLYAT modulates JNK-dependent cell inva-
sion through Gadd45.

Results
dGLYAT​ is required for cell polarity disruption‑induced 
cell invasion
It is well known that disrupting cell polarity by deplet-
ing scrib along the anterior/posterior (A/P) compart-
ment boundary of the wing discs leads to JNK-dependent 
invasive cell migration [16], in which cells migrate away 
from the A/P boundary with up-regulated expression of 

matrix metalloprotease 1 (MMP1) that is able to degrade 
the basement membrane [17]. Using this well-established 
in  vivo cell invasion model, we examined the role of 
dGLYAT​ in cell polarity disruption-induced cell invasion. 
Compared with ptc > GFP control (Fig.  1a), knockdown 
of scrib induced extensive cell migration and MMP1 up-
regulation (Fig.  1b, quantified in Fig.  1f, g). Both phe-
notypes were significantly suppressed in heterozygous 
dGLYAT​c02982 mutants (Fig.  1c), which has a piggyBac 
insertion into the second exon that deletes the criti-
cal Gcn5-related N-acetyltransferases (GNAT) domain 
[14]. To corroborate this result, we depleted dGLYAT​ by 
RNAi-mediated knockdown (Additional file 2: Figure S1), 
and confirmed that expression of a dGLYAT-IR dramati-
cally inhibited scrib depletion-induced cell migration and 
MMP1 elevation, compared with a LacZ RNAi as a nega-
tive control (Fig. 1d-g).

To further confirm the effect of dGLYAT​ on cell inva-
sion, we checked other markers of epithelial-mesenchy-
mal transition (EMT), a critical process in malignant 
transformation [18]. During the process of EMT, expres-
sions of cell-cell junction proteins, such as E-cadherin, 
are switched off in epithelial cells [19]. Consistently, loss-
of-scrib resulted in reduced expression of E-cadherin, as 
the fluorescent signal of E-cadherin antibody is signifi-
cantly weakened along the A/P compartment boundary 
in the wing pouch area (Fig. 2a, b). This phenotype was 
suppressed by expression of dGLYAT-IR, but not LacZ-
IR (Fig.  2c, d). Taken together, these data suggest that 
dGLYAT​ is required for cell polarity disruption-induced 
EMT-like cell migration.

dGLYAT​ is necessary for Egr‑JNK pathway‑triggered 
invasive cell migration
Scrib depletion triggers Eiger-JNK pathway-mediated 
invasive cell migration [15]. To investigate whether 
dGLYAT​ is involved in Egr-JNK pathway-activated 
cell migration, we used ptc-Gal4 to drive ectopic Egr 
expression. Compared with the control (Fig. 3a), ectopic 
expression of Egr driven by ptc-Gal4 resulted in inva-
sive cell migration, accompanied by up-regulated MMP1 
expression (Fig.  3b). Both phenotypes were consider-
ably suppressed in heterozygous dGLYAT​ mutants, or 
by expressing dGLYAT-IR, but not LacZ (Fig. 3c-e, quan-
tified in Fig.  3f, g). As MMP1 also serves as a reporter 
of JNK signaling, these results suggest that dGLYAT​ is 
necessary for Egr-JNK pathway-triggered invasive cell 
migration.

dGLYAT​ is required for cell polarity disruption‑induced JNK 
pathway activation
As loss-of-cell polarity-induced cell invasion depends 
on JNK signaling, and depletion of dGLYAT​ impedes 

https://www.oncomine.org
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ptc > scrib-IR-induced cell invasion and MMP1 
expression, a transcriptional target of JNK signaling, 
we proposed that dGLYAT​ might be required for cell 
polarity disruption-triggered JNK pathway activation. 
To test this possibility, we examined the expression 
of two well-recognized JNK pathway reporters, puc-
LacZ and TRE-RFP [20]. In agreement with previous 

reports, knockdown of scrib along the A/P compart-
ment boundary triggered JNK pathway activation, as 
indicated by elevated expression of puc-LacZ (Fig. 4a, 
b) and TRE-RFP (Fig. 4d, e), both of which were sig-
nificantly suppressed by knockdown of dGLYAT​ 
(Fig.  4c, f ). Collectively, these results suggest that 
dGLYAT​ is required for loss-of-cell polarity-induced 

Fig. 1  dGLYAT​ is required for cell polarity disruption-induced cell invasion. Fluorescent micrographs of Drosophila third instar larval wing discs are 
shown (a-e). Compared with the ptc > GFP control (a), ptc > scrib-IR induced cell migration from A/P boundary toward posterior and elevated MMP1 
expression (b). Both phenotypes were significantly suppressed by heterozygous mutation (c) or RNAi expression of dGLYAT​ (e). LacZ RNAi served as 
a negative control (d). f Statistic of number of migrated cells is shown (left to right: n = 10, n = 8, n = 5. n = 8, n = 10). g Statistic of number of MMP1 
positive dots is shown (left to right: n = 10, n = 12, n = 5. n = 5, n = 10). t-test was used to compute P-values. **P < 0.01, ***P < 0.001, ****P < 0.0001. 
Detailed genotypes: a ptc-Gal4 UAS-GFP/+, b ptc-Gal4 UAS-GFP UAS-scrib-IR/+, c ptc-Gal4 UAS-GFP UAS-scrib-IR/dGLYAT​c02982, d ptc-Gal4 UAS-GFP 
UAS-scrib-IR/+; UAS-LacZ-IR/+, e ptc-Gal4 UAS-GFP UAS-scrib-IR/+; UAS-dGLYAT-IR/+
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JNK pathway activation. dGLYAT​ regulates Gadd45 
transcription.

According to the Flybase (http://​flyba​se.​org/​repor​
ts/​FBgn0​054010), dGLYAT​ encodes a Gcn5-related 
N-acetyltransferases (GNAT) family member that cata-
lyzes the transfer of an acetyl moiety from Coenzyme A 
(Ac-CoA) to diverse substrates [21]. GNATs are evolu-
tionarily conserved regulators that acetylate key amine 
of small molecules and proteins involved in numer-
ous cellular processes. Some members of GNAT super-
family are involved in histone acetylation [22], which 
affects gene transcription [23]. Based on these informa-
tion, we proposed that dGLYAT might be required for 
the transcriptional activation of JNK pathway positive 
regulator(s). In this scenario, loss of dGLYAT​ would com-
promise JNK pathway activation via reduced expres-
sion of the positive regulator(s). To find the potential 
regulator(s), we conducted the whole genome mRNA-
seq assays, and analyzed differentially expressed genes 
(DEGs) between control and dGLYAT​-depleted groups. 
We crossed hs-Gal4 with w1118 or dGLYAT​ RNAi lines, 
which serves as the control group or the experimental 
group, respectively. Third instar larvae were subjected 
to heat shock at 37 °C for 30 min, recovered at 29 °C for 
6  h, and dissected for transcriptome sequencing. We 
found that 13 genes were up-regulated and 29 genes 
down-regulated upon dGLYAT​ knockdown (Fig.  5a, 
log2FC ≥ 1.0 or log2FC ≤ − 1.0, adjusted P value < 0.001 
and Additional file  1: Table  S1). We paid specific atten-
tion to the 29 down-regulated genes, whose expression 
profiles are presented (Fig.  5b). Intriguingly, among the 

29 down-regulated genes, Gadd45 has been previously 
reported as a positive regulator of JNK pathway in apop-
tosis and egg asymmetric development [24, 25]. The 
mammalian GADD45 family consists of three members, 
GADD45a, GADD45b, and GADD45G. which interacts 
with cellular proteins in response to physiological or envi-
ronmental stressors, and participates in cell cycle arrest, 
DNA repair, apoptosis, cell survival and senescence [26]. 
We performed reverse transcription-quantitative poly-
merase chain reaction (RT-qPCR) assay to validate the 
mRNA-seq results, and confirmed that Gadd45 mRNA 
level was significantly reduced 2 and 6 h after heat shock-
induced dGLYAT​ knockdown (Fig. 5c). The relative short 
time interval (2  h) between dGLYAT​ knockdown and 
Gadd45 mRNA reduction implies dGLYAT may directly 
affect Gadd45 transcription.

Loss of Gadd45 suppresses scrib depletion‑induced JNK 
activation and cell invasion
Given that loss of dGLYAT​ decreased Gadd45 mRNA 
expression and suppressed JNK-dependent cell invasion, 
we hypothesized that dGLYAT regulates JNK-dependent 
cell invasion through Gadd45. In agreement with this 
assumption, ptc > scrib-IR-induced invasive cell migration 
was significantly suppressed by knockdown of Gadd45 
with two independent RNAi lines (Fig. 6a-d, quantified in 
Fig.  6  m). The knockdown efficiencies of Gadd45 RNAi 
lines were verified by RT-qPCR analysis (Additional file 2: 
Figure S1). Furthermore, scrib depletion-induced MMP1 
upregulation was impeded by knockdown of Gadd45 
(Fig.  6e-h, quantified in Fig.  6n). We also checked the 

Fig. 2  dGLYAT​ is necessary for cell polarity disruption-induced EMT-like phenotype. Fluorescent micrographs of third instar larval wing discs are 
shown (a-d). Compared with the ptc > GFP control (a), ptc > scrib-IR induced cell migration and reduced E-cadherin expression in the A/P boundary 
(b, arrow), which were suppressed by expressing dGLYAT​ RNAi (d), but not LacZ RNAi (c). Detailed genotypes: a ptc-Gal4 UAS-GFP/+, b ptc-Gal4 
UAS-GFP UAS-scrib-IR/+, c ptc-Gal4 UAS-GFP UAS-scrib-IR/+; UAS-LacZ-IR/+, d ptc-Gal4 UAS-GFP UAS-scrib-IR/+; UAS-dGLYAT-IR/+

http://flybase.org/reports/FBgn0054010
http://flybase.org/reports/FBgn0054010


Page 5 of 10Xu et al. Cell Division            (2022) 17:4 	

expression of another JNK pathway reporter puc-LacZ, 
represented by anti-β-Gal immunostaining. We found 
that scrib depletion-elevated puc-LacZ expression was 
blocked by loss of Gadd45 (Fig. 6i-l).

JNK signaling also regulates other in  vivo functions, 
in particular, cell death. For instance, overexpression of 
Egr driven by GMR-Gal4 (GMR > Egr) in the developing 

eyes triggers cell death in the larval eye discs, indicated 
by AO staining (Additional file  2: Figure S2g, h), and 
generates a small eye phenotype in the adults (Addi-
tional file 2: Figure S2a, b). Both phenotypes were signifi-
cantly suppressed by knockdown of dGLYAT​ or Gadd45, 
while expression of a dominant-negative form of Basket 
(BskDN) served as a positive control (Additional file  2: 

Fig. 3  dGLYAT​ is necessary for Eiger-JNK pathway-induced invasive cell migration. Fluorescent micrographs of third instar larval wing discs are 
shown (a-e). Compared with the ptc > GFP control (a), ptc > Egr-induced cell migration and up-regulated MMP1 expression (b) were suppressed 
by dGLYAT​ mutation (c) or RNAi (e), but not by LacZ expression (d). f Statistic of number of migrated cells is shown (left to right: n = 10, n = 12, 
n = 10. n = 12, n = 16). g Statistic of number of MMP1 positive dots is shown (left to right: n = 10, n = 22, n = 26. n = 27, n = 25). t-test was used to 
compute P-values. **P < 0.01, ****P < 0.0001. Detailed genotypes: a ptc-Gal4 UAS-GFP/+, b ptc-Gal4 UAS-GFP UAS-Egr Regg1/+, c ptc-Gal4 UAS-GFP 
UAS-EgrRegg1/dGLYAT​c02982, d ptc-Gal4 UAS-GFP UAS-EgrRegg1/+; UAS-LacZ/+, e ptc-Gal4 UAS-GFP UAS-EgrRegg1/+; UAS-dGLYAT-IR/+
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Figure S2c–f, i–l, quantified in Additional file  2: Figure 
S2m, n). Collectively, these results suggest that dGLYAT 
and Gadd45 are broadly required for JNK signaling 
in vivo.

Discussion
In this study we found that loss of Drosophila GLYAT​ 
suppresses cell polarity disruption-induced JNK-
dependent cell invasion. Furthermore, loss of dGLYAT​ 
impedes Egr-JNK pathway-triggered invasive cell migra-
tion. Moreover, dGLYAT regulates the transcription of 
Gadd45, a positive regulator of JNK signaling in apop-
tosis and egg development. Finally, depletion of Gadd45 
blocks loss-of-cell polarity-triggered JNK activation 
and cell invasion. Thus, dGLYAT regulates Gadd45-
mediated JNK activation and EMT-like cell migration in 
Drosophila.

Consistent with our fly data, in the UALCAN cancer 
database containing TCGA data, the expression of GLY-
ATL1 and GADD45G are elevated in breast invasive car-
cinoma, compared with normal tissues (Additional file 2: 
Figure S3a, b). In addition, there is a positive correlation 
between GLYATL1 and GADD45G mRNA expression 
in GEPIA database (Additional file 2: Figure S3d). More 
importantly, GEPIA confirmed that higher GLYATL1 
mRNA is associated with poor overall survival in breast 
cancer patients (Additional file 2: Figure S3c). These data 
imply that the role of dGLYAT and Gadd45 in cell inva-
sion might be conserved by their human orthologs in 
breast cancer.

The role of GADD45 in P38 and JNK signaling have 
been extensively studied, yet divergent mechanisms were 
reported. GADD45 proteins activate MTK1 by promot-
ing its dimerization and autophosphorylation [27], or 

Fig. 4  dGLYAT​ is required for cell polarity disruption-induced JNK 
pathway activation. Light micrographs of third instar wing discs 
with X-gal staining (a-c) and fluorescent micrographs of third 
instar wing discs (d-f) are shown. Compared with the ptc-Gal4 
control (a, d), ptc > scrib-IR activated puc-LacZ (b) and TRE-RFP (e) 
expression, which were suppressed by dGLYAT​ RNAi (c, f). Detailed 
genotypes: a ptc-Gal4 UAS-GFP/+; puc-LacZ/+, b ptc-Gal4 UAS-GFP 
UAS-scrib-IR/+; puc-LacZ/+, c ptc-Gal4 UAS-GFP UAS-scrib-IR/+; 
puc-LacZ/UAS-dGLYAT-IR, d ptc-Gal4 UAS-GFP/TRE-RFP, e ptc-Gal4 
UAS-GFP UAS-scrib-IR/TRE-RFP, f ptc-Gal4 UAS-GFP UAS-scrib-IR/
TRE-RFP; UAS-dGLYAT-IR/+

Fig. 5  Gadd45 mRNA level is reduced upon dGLYAT​ depletion. a Volcano plot between dGLYAT​ RNAi and control groups. Compared with the 
hs-Gal4 control groups, there are 29 down-regulated genes (indicated by blue points) and 13 up-regulated genes (showed by red points) in the 
hs > dGLYAT-IR groups, when log2FC > 1.0 or <-1.0 and adjusted P value < 0.001. Grey dotted lines show thresholds of log2FC (1.0 and − 1.0) and 
adjusted P value (0.001). b Heat map of 29 down-regulated genes between dGLYAT​ RNAi (R1-R6) and control (W1-W6) groups when log2FC<-1.0 and 
adjusted P value < 0.001. Genes showing significant changes are listed in Additional file 1: Table S1. c RT-qPCR data showed that Gadd45 mRNA level 
was decreased upon dGLYAT​ depletion. *P < 0.05, **P < 0.01. Third instar larvae were heat shocked at 37℃ for 30 min and recovered at 29℃ for 2 h (c) 
or 6 h (a-c) prior to tissues dissection and RNA extraction
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Fig. 6  Gadd45 knockdown suppresses scrib depletion-induced JNK activation and cell invasion. Compared with the ptc-Gal4 control (a, e, i), scrib 
RNAi-induced cell migration (b), elevated expression of MMP1 (f) and puc-LacZ (j) were significantly suppressed by expressing two independent 
Gadd45 RNAi (c, d, g, h and k, l). m Statistic of number of migrated cells is shown (left to right: n = 10, n = 12, n = 9. n = 10). n Statistic of number of 
MMP1 positive dots is shown (left to right: n = 9, n = 9, n = 9, n = 9). One-way ANOVA was used to compute P-values, ****P < 0.0001. Larvae were 
reared at 25 °C. Detailed genotypes: a, e, i ptc-Gal4 UAS-GFP/+; puc-LacZ/+, b, f ptc-Gal4 UAS-GFP UAS-scrib-IR; puc-LacZ /UAS-LacZ, c, g, k ptc-Gal4 
UAS-GFP UAS-scrib-IR/UAS-Gadd45-IRV100413; puc-LacZ/+, d, h, l ptc-Gal4 UAS-GFP UAS-scrib-IR/UAS-Gadd45-IRBL35023; puc-LacZ/+, j ptc > GFP 
UAS-scrib-IR; puc-LacZ/UAS-GFP
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bind and activate MTK1 MAPKKK to regulate P38 and 
JNK signaling upon environmental stress [28]. In addi-
tion, GADD45α could interact directly with P38 and reg-
ulates oncogene-induced growth [29], while GADD45β 
interacts with ASK1 and MKK7 to regulate both JNK 
and P38 [30–32]. GADD45 proteins could execute either 
tumor suppressor or tumor promoter function in tumor 
initiation [33], yet their roles in tumor invasion have 
not been explored previously. The Drosophila genome 
encodes only one GADD45 member, Gadd45, which is 
involved in inflammatory response, egg development, 
wing disc regeneration and lifespan [24, 25, 34]. Gadd45 
has been shown as a positive regulator of JNK signal-
ing in germline development and cell death [24, 25], 
yet its role in JNK-mediated cell invasion has not been 
known previously. In this study, we found that Gadd45 is 
required for cell polarity disruption-induced JNK-medi-
ated cell invasion in Drosophila, suggesting a potential 
role of GADD45 in tumor invasion and cancer progres-
sion, which deserves further investigation.

Although we found that dGLYAT regulates Gadd45 
mRNA expression, the underlying mechanism remains 
unknown. We hypothesize that dGLYAT, which contains 
a GNAT domain, may promote histone acetylation at 
the promoter of Gadd45. In support of this assumption, 
the yeast GNAT domain-containing protein Gcn5 (gen-
eral control nonderepressible-5) is reported to regulate 
PHO5 transcription by promoting histone acetylation at 
its promoter [35], and this histone acetylation activity 
has been conserved by Gcn5 homologs in Tetrahymena 
and human [36]. Future studies are needed to address 
whether GLYAT family proteins promote histone acetyla-
tion, and whether this activity is required for their roles 
in cancer initiation and progression.

Conclusions
In summary, we found dGLYAT is required for JNK-
mediated cell invasion. Through analyzing mRNA-seq 
results, we found Gadd45 mRNA expression is reduced 
upon dGLYAT​ depletion. Downregulation of Gadd45 also 
suppressed JNK-mediated cell invasion and cell death.

Methods
Drosophila genetics and stocks
Fly stocks were raised on standard cornmeal and agar 
medium at 25  °C. For cell migration assay, larvae were 
reared at 29  °C unless indicated. Fly strains used in this 
study are as follow: w1118, ptc-Gal4, UAS-GFP, UAS-scrib-
RNAi, pucE69, TRE-RFP, UAS-EgrRegg1, dGLYAT​c02982 
and UAS-dGLYAT​-IR have been described previously 
[14]. UAS-Gadd45-RNAi (V100413 and BL35023) were 
gifts from Dr. Erjun Ling (Chinese Academy of Sciences, 
China).

Immunohistochemistry
Antibody staining was performed according to stand-
ard procedures. The following primary antibodies were 
used: mouse anti-MMP1 (3A6B4, 1:200, Developmen-
tal Studies Hybridoma Bank, DSHB), Rat anti-E-cad 
(DCAD2-c, 1:100, Developmental Studies Hybridoma 
Bank, DSHB) and mouse anti β-gal (40-1a, 1:500, Devel-
opmental Studies Hybridoma Bank, DSHB). The follow-
ing secondary antibodies were used: anti-mouse CY3 
(A11032, 1:1000, Cell Signaling Technology) and anti-
Rat CY3 (104,086, 1:500, Jackson Immuno research).

X‑gal staining
Wing discs were dissected from third instar larvae in 
PBST (1× PBS pH 7.0, 0.1% Triton X-100) and stained 
for β-galactosidase activity as described [37].

RNA library preparation and data analysis
Third instar larvae were subjected to heat shock at 
37  °C for 30  min and recovered at 29  °C for 6  h prior 
to tissues dissection. RNA extraction, library construc-
tion and sequencing were performed by Hua Gen Bio-
technology (Shanghai, China). The sequencing platform 
is Illumina. The quality of sequenced raw reads was 
controlled by the FastQ Screen program. The refer-
ence genome sequence is Drosophila melanogaster 
(BDGP6.28) downloaded from Ensembl. (http://​www.​
ensem​bl.​org/​info/​data/​ftp/​index.​html). Differentially 
expressed genes (DEGs) were identified by comparing 
the expression levels of genes between hs > dGLYAT​ 
RNAi and hs-Gal4 control groups. The threshold 
for DEGs was set at P- adjusted < 0.001 and log2 fold 
change (log2FC) ≥ 1.0 or ≤ − 1.0.

RT‑qPCR
Total RNAs were extracted from fifteen third instar lar-
val tissues of indicated genotypes with Trizol (Ambion, 
Life Technologies, Carlsbad, CA, USA) following the pro-
tocol of RNA preparation kit, and quantitative polymer-
ase chain reaction (qPCR) was performed using SYBR 
Green PCR Premix Kit (TaKaRa). The primers used are 
as follow:

Gene Forward primer Reverse primer

rp49 TCT​CCT​TGC​GCT​TCT​
TGG​A

TAC​AGG​CCC​AAG​ATC​
GTG​AA

dGLYAT​ ATA​CCA​TTA​AGG​GAA​
CCC​CAGA​

TGA​CCC​AAA​TTC​AGC​
CAA​TATGC​

Gadd45 ATC​GGA​CGC​ACC​ATC​
AAG​TC

TGT​CGT​TCT​CGT​AGC​
AAA​AGG​

http://www.ensembl.org/info/data/ftp/index.html
http://www.ensembl.org/info/data/ftp/index.html
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UALCAN and GEPIA cancer databases
The UALCAN cancer database (http://​ualcan.​path.​uab.​
edu/​analy​sis.​html) is a comprehensive web source that 
provide the data from The Cancer Genome Atlas (TCGA) 
[38]. The GEPIA database (http://​gepia2.​cancer-​pku.​cn/#​
index) contains data from TCGA and Genotype-Tissue 
Expression (GTEx) project [39].

Abbreviations
Csk: C-terminal SRC kinase; JNK: c-Jun N-terminal kinase; GLYAT​: Glycine N-acyl-
transferases; Gadd45: Growth Arrest and DNA Damage-inducible 45; MMP1: 
Matrix metalloprotease 1; EMT: Epithelial-mesenchymal transition; GNAT: 
Gcn5-related N-acetyltransferases; Ac-CoA: Acetyl moiety from Coenzyme A; 
DEGs: Differentially expressed genes; RT-qPCR: Reverse transcription-quantita-
tive polymerase chain reaction; TCGA​: The Cancer Genome Atlas.
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Additional file 1: Table S1. mRNA-seq data between control and dGLYAT-
depleted groups.

Additional file 2: Figure S1. The knock-down efficiencies of RNAi lines. 
The efficiencies of dGLYAT and GADD45 RNAi lines were measured by 
RT-qPCR. dGLYAT mRNA and Gadd45 mRNA levels were significantly 
downregulated by the expression of their corresponding RNAi. Third instar 
larvae were subjected to heat shock at 37°C for 30 minutes in the water 
bath and recovered for 2 hours at 29°C. Larval discs were dissected for 
RT-qPCR. Error bars represents standard deviation from three independ-
ent experiments. One-way ANOVA test was used to compute P-values, 
****P<0.0001. Figure S2. Depletion of dGLYAT or Gadd45 suppresses 
GMR>Egr-induced cell death. Light micrographs of Drosophila adult eyes 
(a–f ) and fluorescent micrographs of third instar larval eye discs (g–l) are 
shown. Compared with the GMR-Gal4 controls (a, g), GMR>Egr induces 
a small eye phenotype in adults (b) and massive cell death in third instar 
larval eye discs with AO staining (h). Both phenotypes were suppressed by 
knockdown of dGLYAT or Gadd45 (c-e and i-k). BskDN serves as a positive 
control (f, l). (m) Statistic of eyes size is shown (from left to right: n =7, 
n=10, n=10, n=10, n=9, n=5). (n) Statistic of AO-positive cell number 
is shown (from left to right: n =10, n=11, n=13, n=12, n=7, n=10), 
One-way ANOVA test was used to compute P-values, ****P<0.0001. 
Figure S3. Characterization of GLYATL1 and GADD45G in breast cancer. 
(a, b) Transcriptome sequencing of breast cancer. Expression of GLYATL1 
and GADD45G in normal and tumor tissues were measured in transcript 
per million utilizing the TCGA data set. The tumor tissues show higher 
expression of GLYATL1 and GADD45G than normal tissues. (c) Survival 
analysis of GLYATL1 in breast cancer patients. The survival of breast cancer 
patients with higher GLYATL1 expression was significantly worse (P<0.05). 
(d) The expression relationship between GLYATL1 and GADD45G in breast 
cancer using GEPIA database: a positive correlation between expression of 
GLYATL1 and GADD45G (P=7.5e-08, R=0.15).
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