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Abstract

Inactivation of the Rb tumor suppressor causes context-dependent increases in cell prolifer-
ation or cell death. In a genetic screen for factors that promoted Rb mutant cell death in Dro-
sophila, we identified Psid, a regulatory subunit of N-terminal acetyltransferase B (NatB).
We showed that NatB subunits were required for elevated EGFR/MAPK signaling and Rb
mutant cell survival. We showed that NatB regulates the posttranscriptional levels of the
highly conserved pathway components Grb2/Drk, MAPK, and PP2AC but not that of the
less conserved Sprouty. Interestingly, NatB increased the levels of positive pathway compo-
nents Grb2/Drk and MAPK while decreased the levels of negative pathway component
PP2AC, which were mediated by the distinct N-end rule branch E3 ubiquitin ligases Ubr4
and Cnot4, respectively. These results suggest a novel mechanism by which NatB and N-
end rule pathways modulate EGFR/MAPK signaling by inversely regulating the levels of
multiple conserved positive and negative pathway components. As inactivation of Psid
blocked EGFR signaling-dependent tumor growth, this study raises the possibility that NatB
is potentially a novel therapeutic target for cancers dependent on deregulated EGFR/Ras
signaling.

Author summary

Nt-acetylation is often regarded as a constitutive, irreversible, and static modification that
is not suited to serve regulatory functions. Our observation that Nt-acetylation by NatB
coordinately regulates some of the highly conserved positive and negative components of
the EGFR/MAPK pathway suggest that Nt-acetylation and N-end rule pathways can play
important roles regulating important signaling pathways. As these positive and negative
pathway components are conserved and shared by multiple growth factor signaling path-
ways and as Acetyl-CoA level, which is influenced by cell metabolism, can be rate limiting
for Nt-acetylation, our results also suggest a potentially new mechanism by which cellular
metabolic status can regulate growth factor signaling.
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Introduction

Rb is a tumor suppressor often inactivation in cancers [1,2]. Rb binds to large numbers of
interacting proteins including E2F transcription factors and chromatin regulators to modulate
diverse cellular processes, including cell proliferation, cell cycle checkpoint and DNA damage
repair, chromatin dynamics, apoptosis, cell differentiation, etc [3,4,5,6,7,8]. Interestingly, the
consequences of Rb inactivation in different cell types can be different, ranging from increased
cell proliferation, increased cell death, or altered cell differentiation depending on specific cell
context. Understanding the mechanisms that mediate the context dependent effect of Rb-inac-
tivation, particularly in an in vivo system, will provide novel insights into the in vivo vulnera-
bility of Rb mutant cells, which can potentially promote the development of novel therapeutic
approaches to target cancers with inactivated Rb [9,10].

The Rb pathway is highly conserved and more streamlined in Drosophila [6,7,11,12,13,14].
Interestingly, inactivation of the fly Retinoblastoma (Rb) homolog Rbf in the developing eye discs
lead to ectopic cell proliferation in posterior undifferentiated cells but increased cell death in cells
just anterior to the morphogenetic furrow (MF), where the eye progenitor cells arrest in G1 and ini-
tiate photoreceptor differentiation [15,16,17]. Therefore, the biological consequences of Rbf-inacti-
vation are different in distinct cell types, suggesting that Drosophila developing eye is an excellent
model system to dissect the cell context-dependent modulation of Rb-inactivation in vivo.

Studies of the rbf mutant cell death just anterior to the MF revealed that rbf-inactivation leads
to elevated Hid expression, a cell death regulator repressed by Rbf [17]. Interestingly, inactivation
of tsc2 or axin, in conjunction with rbf inactivation, promoted synergistic cell death mediated by
deregulated TORCI and E2F1 activity that induced excessive cellular stress including metabolic
stress and DNA damage stress [18,19,20]. In support of the idea that metabolic alteration con-
tributed to rbf mutant cell death, a recent single cell RNA sequencing (scRNA-seq) study of rbf
mutant eye discs revealed that the altered metabolic activity with increased glycolysis and
increased intracellular acidification contributed to the rbf mutant cell death near the MF [21].

In addition to metabolic alterations, rbf mutant cell death in the MF is also highly sensitive
to the level of EGFR/MAPK signaling and elevating the EGFR/MAPK signaling inhibited
these cell death [16,22]. EGFR/MAPK signaling is normally activated in the MF and in poste-
rior eye disc regions and plays critical roles in preventing cell death in addition to its role in
regulating cell cycle and differentiation [23]. Interestingly, reducing EGFR signaling by muta-
tions that function upstream of MAPK preferentially increased apoptosis of rbf mutant cells in
posterior eye discs [16,24]. In contrast, mutation of rno, which functions downstream of
MAPK and regulates the nuclear output of EGFR signaling [25], did not affect apoptosis of rbf
mutant cells. These results are consistent with the reported direct regulation of Hid by MAPK
[26]. Taken together, these results suggest that rbf mutant cells are more sensitive than WT
cells to reduced level of EGFR/MAPK signaling and that the rbf synthetic lethal screens
[18,19,24] can identify additional modulators of EGFR signaling. In this study, we report new
alleles of NatB subunit in rbf synthetic lethal screen and identify a novel mechanism by which
NatB modulates EGFR signaling by coordinately regulating the levels of positive and negative
components through the two branches of the N-end rule pathway.

Results

Inactivation of NatB subunits induced synergistic cell death with loss of rbf
in developing Drosophila tissues

In a genetic screen to identify rbf synthetic lethal mutations on Drosophila chromosome 3R,
we identified four mutants (AB, AE, CJ, and EQ) that fall into the same complementation
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group. While clones of FRT control or single mutant (paled patches) were readily detected in
adult eyes, double mutant clones of rbf and these mutants were not detectable (SIA-S1F Fig).
Because Minute mutant cells have growth disadvantage and will be outcompeted and elimi-
nated by the surrounding WT cells [27], mutant clones generated in the Minute background
will allow the development of adult eyes that consist of mostly the mutant cells. Therefore, we
generated rbf and AE group single or double mutant clones in the Minute background to better
visualize the loss of double mutant tissues. Indeed, large white patches of rbf, AE, EQ, AB, and
CJ single mutant clones were observed in Minute background (Fig 1A-1C and S1K, SIM and
S10 Fig). Interestingly, most of the white patches were lost in conjunction with rbf mutation,
leading to the development of much smaller adult eyes (Fig 1D and S1L, SIN and S1P Fig).
These results strongly support the notion that the identified mutants induce synthetic lethality
in conjunction with rbf mutation.

Genetic mapping using 3R deficiencies was carried out. We found that the AE complementa-
tion group mutants map to the 92B4-C1 cytological region. The following results demonstrate
that the AE complementary group mutants are alleles of psid. First, both of the two existing psid
alleles, psid-D4 (psid®>"*) and psid-D1 (psid®*"") [28,29], failed to complement each of the AE
group mutants; Second, both psid-D4 and psid-D1 showed loss of mutant clones in the presence
of rbf mutation, similar to that of AE and EQ mutants (Fig 1E and 1F, S1G-S1] Fig). Third,
sequencing revealed that AE and CJ mutants contained stop codon mutations in Psid that
changed amino acid Trp”** (TGG) and GIn®"* (CAG) to stop codon (TAG), respectively.

To demonstrate that psid mutation induced synthetic lethality with rbf, we carried out
immunostaining of the developing discs using the anti cleaved caspase 3 antibody (C3). rbf
mutant cells showed significantly increased cell death just anterior to the morphogenetic fur-
row (MF) but not much in the posterior region of the developing eye disc [15,17] (Fig 1K and
1K’). While psid single mutant clones did not increase C3 level in posterior eye discs (Fig 1L
and 1L), significant increased C3 level was observed in rbf, psid double mutant clones in poste-
rior eye discs (Fig IM and 1M’ and 1S). Importantly, expression of WT Psid rescued the
observed synergistically increased C3 level in posterior eye disc (Fig IN and 1N and 1), indi-
cating that the increased cell death depended on the loss of Psid function. Furthermore, syner-
gistically increased C3 level of the rbf, psid double mutant cells, which can be rescued by
expression of WT Psid, was also observed in the wing discs (Fig 10-1R’ and 1T), indicating
that the synergistic cell death effects of rbf psid double mutants are not limited to the eye discs.

Psid, which encodes the regulatory subunit of NatB, can function through two distinct
mechanisms. Psid was shown to affect cell migration and axon guidance of olfactory receptor
neurons by binding to actin and antagonizing tropomyosin [28,29]. In addition, Psid was also
required for olfactory receptor neuron survival by binding to the NatB catalytic subunit
NAA20 [29]. NatB catalyzes the addition of acetyl group to the N terminus of proteins that
start with MD, ME, MN, or MQ [30]. To determine whether the observed interaction between
psid and rbf is mediated through its interaction with NAA20, we tested the effects of knock-
down NAA20. Knockdown of NAA20 by RNAi in conjunction with Rbf RNAi also led to sig-
nificantly decreased adult eye sizes (Fig 1G-1J), which was correlated with significantly
increased C3 levels in eye/antenna discs (S1Q-S1S Fig). Taken together, these data suggest
that inactivation of NatB induced synergistic cell death with loss of rbf.

NatB regulates endogenous EGFR/MAPK signaling in the developing eye
disc

Our previous studies suggest that mutations such as TSC2 and axin induce synergistic cell
death with rbf most strongly in anterior eye discs due to induction of excessive cellular stress
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Fig 1. Inactivation of NatB subunits, Psid or NAA20, induced synergistic cell death with loss of rbf in Drosophila. (A-F) Adult eyes with clones in Minute
background. WT control (A), bf, psidin single or double mutation (B-F). AE and psid-D1 (psid®*P") are two different psidin alleles. Mutant clones are marked by lack of
red pigment. Large clones (white patches) of psidin or rbf single mutant clones (B, C, and E) were observed in the Minute background. In contrast, rbf psidin double
mutant clones generated in the Minute background were mostly lost, resulting in smaller eyes (D and F). (G-J) Adult eyes with single or double RNAi of Rbf or NAA20
were shown. (K-T) Levels of C3 levels in 3 instar eye discs (K-N") or wing discs (O-R’) with rbf, or psidin, or rbf psidin double mutant clones are shown. Mutant clones
were marked by GFP expression and cleaved caspase 3 staining was shown in red. Dash line indicates the position of furrow region in developing eye discs (K-N). Levels
of C3 staining in mutant clones located in posterior eye discs and wing discs were quantified and the average and standard deviation were shown in (S) and (T),
respectively (N>4 for each genotype). In both posterior eye discs (K-M, S) and wing discs (O-Q, T), the levels of C3 staining were significantly increased in rbf, psidin
double mutant clones in comparison to the single mutant clones. Expression of WT Psid rescued the C3 levels in rbf, psidin double mutant clones in both eye (M-N, S)
and wing discs (Q-R, T). ** indicates statistically significant differences (p<0.00001, t test) between double and single mutant clones or between double mutant clones

with or without WT Psid rescue. The black or white bars indicate 100 uM. In this and all the subsequent figures, discs are orientated posterior to the right, genotypes of
mutant clones and anti-staining are indicated on the figure.

https://doi.org/10.1371/journal.pgen.1008863.g001

[18,19,20]. In contrast, mutations that cause deficiency in EGFR/MAPK signaling induce syn-
ergistic cell death with rbf mainly in posterior eye discs [24]. The observed psid, rbf synergistic
cell death in posterior eye discs prompted us to determine whether psid mutation affect EGFR/
MAPK signaling. EGFR signaling is upregulated in posterior eye discs, which play important
roles regulating cell cycle, cell survival, and differentiation [23,31]. Indeed, psid mutation sig-
nificantly decreased EGFR signaling as shown by reduced Aos-lacZ reporter expression and
reduced level of active Diphosphorylated ERK (pERK) in psid mutant clones (Fig 2A and 2B”,
S2A-82C’ Fig). Furthermore, expression of WT Psid restored the pERK levels (Fig 2C and
2C”). Interestingly, expression of the phosphomimetic Psid mutant (Psid**”®P), which mutated
a conserved Ser that was shown to be phosphorylated in human MDM?20 [32], failed to rescue
(Fig 2D and 2D”). In contrast, expression of the nonphosphorylatable Psidin®***"* mutant did
rescue (Fig 2E and 2E”). As the Psid®¢”8P mutant is defective in binding to NAA20 while the
Psid®**”# mutant retains the ability to bind NAA20 [29], these results suggest that the reduced
MAPK activation in psid mutant clones is mediated by reduced NatB activity. In support of
this, knockdown of NAA20 in eye discs also significantly reduced EGFR signaling as shown by
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Fig 2. NatB was required for the elevated EGFR signaling in posterior eye discs. (A and A’) psid-D4 clones in posterior of eye discs were marked by the absence of
GFP. The level of EGFR signaling, as shown by the expression of aos-lacZ reporter detected by anti B-galactosidase staining (red), was significantly decreased in psid-
D4 clones. (B-E") MARCM clones of psid-D4 in the posterior of eye discs were marked by GFP expression. EGFR signaling, as shown by the level of pERK, was
significantly decreased in psid-D4 clone (B-B"), and was restored by expressing WT Psid (C-C") or the nonphosphorylatable Psid** (S678A) (E-E") but not the
phosphomimetic Psid*® (S678D) mutant (D-D"). (F and F) NAA20 RNAi clones marked by GFP expression also decreased EGFR signaling as shown by decreased
expression level of aos-lacZ. (G-K) Cell death in rbf, psidin double mutant clones with different UAS-transgene expression in wing discs were determined by C3
staining (red). The double mutant clones were marked by GFP expression. While activated EGFR (G) did not inhibit cell death observed in rbf, psid double mutant
clones (J), activated Ras partially inhibited cell death (H), and activated Raf inhibited cell death to background levels (I). (K) The levels of C3 staining in mutant clones
located in wing discs were quantified and the average and standard deviation were shown. The statistically significant difference between triple and double mutant
clones were showed (N>7 for each genotype; ** indicates P<0.000001, * indicates P = 0.01, t test).

https://doi.org/10.1371/journal.pgen.1008863.9002

reduced Aos-lacZ reporter expression (Fig 2F and 2F’) and reduced pERK levels (S2D and
S2D’ Fig).

EGFR signaling ligand in eye disc was released by the developing photoreceptor cells, par-
ticularly the R8 photoreceptor cells in the developing eye discs [33]. Knockdown of NAA20
slightly delayed the formation of R8 equivalence groups and the differentiation of R8 and
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additional photoreceptor cells (S2E-S2F’ Fig). However, the differentiation of photoreceptor
cells was not blocked in the posterior NatB-inactivated cells where decreased EGFR signaling
was observed. These results suggest that the observed inhibition of EGFR signaling by psid
mutation is not simply due to an absence of EGFR ligand caused by inhibition of photorecep-
tor differentiation.

NatB regulates MAPK activation at multiple points downstream of EGFR

To further investigate how psid mutation inhibits EGFR signaling, we determined the effect of
psid mutation on MAPK activation induced by expressing activated EGFR, Ras, or Raf in psid
mutant or WT control cells using MARCM approach. Interestingly, activated EGFR signifi-
cantly increased pERK levels in WT control but not in psid mutant clones (Fig 3A, 3B’ and
3M). In contrast, active Raf-induced pERK levels were not obviously inhibited by psid muta-
tion (Fig 3E, 3F" and 3M, S3C-S3D’ Fig). On the other hand, even though activated Ras-
induced pERK was largely inhibited by psid mutation, slightly elevated pERK levels can still be
observed in psid mutants (Fig 3C and 3D’ and 3M, S3A-S3B’ Fig). These results suggest that
psid mutation blocks MAPK activation at multiple points downstream of activated EGFR and
upstream of activated Raf (Fig 3L). To demonstrate that the observed inhibition of activated
EGFR-induced pERK level is mediated by the loss of NatB activity, the ability of expressing
WT or mutant Psid proteins to rescue EGFR-induced pERK was determined. The WT and
S687A mutant form of Psid that can bind NAA20 were able to restore EGFR-induced pERK
levels in psid mutant clones (Fig 3G-3H’ and 3M) while the NAA20 binding defective Psid**"*"
mutant failed to rescue (Fig 3I-3I" and 3M). Furthermore, knockdown of NAA20 by RNAi also
strongly inhibited activated EGFR-induced pERK (Fig 3]-3K’ and 3N). Taken together, these
results suggest that NatB modulates the activities of multiple targets that function between
EGEFR and Raf to regulate MAPK activation (Fig 3L).

To determine whether inhibition of EGFR signaling induced MAPK activation contributed
to the synergistic cell death of rbf, psid double mutant cells, we tested the ability of activated
EGFR, Ras, or Raf to rescue rbf, psid double mutant cell death. While activated EGFR margin-
ally affected rbf, psid cell death, activated Ras induced significant rescue and activated Raf res-
cued cell death to background levels (Fig 2G-2K). These results, which correlated with the
observed effects of psid mutation on EGFR signaling (Fig 3A-3N), support the notion that
reduced MAPK activity in psid mutant clones contributed to the synergistic cell death with rbf.

NatB stabilizes Drk, which promotes EGFR induced MAPK activation

Nt-acetylation, which involves the transfer of an acetyl group from acetyl-CoA to the a-amino
group of a protein, is observed in majority of the proteins in eukaryotes. NatB is one of the six
N-terminal acetyltransferases, NatA-F, in higher eukaryotes that catalyze Nt-acetylation with
different substrate specificity [34]. Nt-acetylation neutralizes the positive charge and alters
chemical properties of the N terminus of the protein, which has been shown to affect localiza-
tion, interaction, and/or degradation of specific proteins [35]. Since NatB catalyze the addition
of acetyl group to the N terminal proteins that start with MD, ME, MN, or MQ, we analyzed
components of the EGFR/MAPK pathway and identified six potential NatB targets that func-
tion between EGFR and MAPK: Drk (fly Grb2 homolog), PP2AC (catalytic subunit of PP2A),
Sprouty (Spry), PTP-ER, Sur-8, and MAPK. Two of these proteins, Drk and PP2AC, showed
high sequence conservation in the first two amino acids, the N-terminal region, as well as the
overall protein. The high levels of sequence conservation suggest that the regulation of these
two proteins by NatB and the overall function of these proteins are likely conserved. Therefore,
we initially focused on Drk and PP2AC.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008863 June 19, 2020 6/25


https://doi.org/10.1371/journal.pgen.1008863

PLOS GENETICS NatB regulates EGFR/MAPK signaling

3; e
b

- . ¥ 8 NatB
sid, EGFR-CA sid, EGFR-CA Ras g
RPsid-SA P Psid-SD l Psid/NAA20
Raf

0.4

Relative PERK levels
& B
l ] ] ]
| I
| =
)
|
=
I =

-

Relative PERK levels
o o -

N o N
] ] ]

my 0 -

F ¥ RS e F® WO ,qé .q°x AN o N
£ & YKL £ L & & & Qo
LR 2 IR Rt T \& & & S&

RO & & & Qe‘ <
& & & & Q

Fig 3. Inactivation of Nat B subunits inhibited MAPK activation at multiple points downstream of EGFR. (A-F’) The effects of psidin (psid-D4) mutation on
the MAPK activation (pERK staining, red) induced by expressing activated EGFR, Ras, or Raf in the wing discs are shown. psid-D4 mutant clones with activated
EGFR, Ras, or Raf expression were marked by GFP expression (pointed by arrowheads). Activated EGFR-induced pERK was completely inhibited by psid-D4
mutation (A-B’). In contrast, activated Ras-induced pERK was partially inhibited by psid-D4 mutation (C-D’) while activated Raf-induced pERK was not
significantly inhibited (E-F’). (G-I) Inhibition of activated EGFR-induced pERK in psid (psid-D4) mutant clones was rescued by expressing WT Psid (G) or the
nonphosphorylatable Psid®* (S678A) (H) but not the phosphomimetic mutant Psid®® ($678D) (1). (J-K) Using EyeFlp-CoinGal4, activated EGFR-induced pERK
(J) was largely inhibited by NAA20 RNAi in eye disc (K). (L) A diagram that summarizes the main points that NatB regulated EGFR/MAPK signaling is shown.
(M-N) Relative pERK levels in different genotype clones in (A) to (K) were quantified and the average and standard deviation were shown in (M) and (N),
respectively (N>4 for each genotype).

https://doi.org/10.1371/journal.pgen.1008863.g003

We first characterized an antibody against Drk [36]. We found Drk RNAi clones decreased
Drk protein levels (Fig 4H and 4H’), indicating that the anti Drk antibody specifically recog-
nized endogenous Drk protein. Significantly decreased Drk levels were observed in psid
mutant clones in both eye and wing discs (Fig 4A-4B’, white arrows). Similarly, psid MARCM
clones also significantly reduced Drk levels (Fig 4C and 4C’). Furthermore, expressing Psid"'"
or Psid®* mutant can rescue Drk levels in psid mutant clones while expressing the NAA20--
binding defective Psid®® mutant failed to rescue (Fig 4C-4F’). These results suggest that the
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observed effect of psid mutation on Drk is mediated by the Psid/NAA20 complex. Consistent
with this, knockdown of NAA20 using RNAI significantly decreased Drk protein level (Fig 4G
and 4G’) but not Drk mRNA level (S4A Fig). These results show that inactivation of NatB
decreased levels of Drk protein posttranscriptionally.

To determine the role of Drk levels on EGFR signaling, we determined the effect of Drk
knockdown on activated EGFR-induced MAPK activation. While activated EGFR induced
much higher pERK levels than the endogenous pERK observed in posterior eye discs (Fig 41-
4T’ and 4M, compare white and yellow arrowheads), Drk-RNAi significantly reduced this
EGFR induced pERK levels to that similar to endogenous pERK levels (Fig 4]-4] and 4M,
compare white and yellow arrowheads). In addition, expression of Spry in conjunction with
knockdown Drk further inhibited EGFR-induced MAPK activation (Fig 4I-4L’ and 4M).
Therefore, reduction of Drk levels can significantly inhibit EGFR-induced MAPK activation.

Psid regulates Drk through its N-terminal sequences

Nt-acetylation alters the N-terminus of proteins, which can affect protein stability through the
N-end rule pathway [37,38]. There are two branches of the N-end rule pathway: the Arg/N-
end rule pathway and the Ac/N-end rule pathway, which target the degradation of proteins
with nonacetylated or acetylated N-terminus, respectively [30,37]. To test the hypothesis that
the observed effect of NatB on Drk is regulated through its N-terminal sequences, we gener-
ated a GFP protein tagged with Drk N-terminal 10 amino acids (N-Drk-GFP) and expressed it
together with the B-gal control using the MARCM system. The ratio of GFP to B-gal levels
were determined in WT or psid mutant background and compared. In comparison to the WT
control, mutation of either psid”’ or psid”* significantly decreased levels of N-Drk-GFP (Fig
5A-5B” and 5D, p<0.00001). In contrast, psid”* only slightly affected the WT control GFP that
do not have the N-Drk tag (Fig 5D, p = 0.01). Furthermore, the reduction in the level of GFP
can be strongly rescued by expressing Psid"V" and Psid>* but marginally by the NAA20 bind-
ing defective Psid®” (Fig 5A-5D). These results, which are similar to the observed effects of
Psid on endogenous Drk protein levels as shown in Fig 4C-4F’, suggest that NatB regulates
Drk protein stability through its N-terminal sequences.

Drk is degraded by the N-end rule E3 ubiquitin ligase Poe/UBR4

Nonacetylated destabilizing Nt-residues are recognized by the N-recognins of the Arg/N-end
rule pathway, which induce target protein ubiquitination and degradation. N-recognins for
the Arg/N-end rule pathway were found to be the UBR-box containing E3 ubiquitin ligases
that are conserved from yeast to mammals [30,37,38]. The UBR box is essential for the binding
of the N-terminal destabilizing residues and the recognition of the positively charged N-termi-
nal NH3+ group is critical [39]. Interestingly, of the seven UBR box containing E3 ubiquitin
ligases found in mammalian genomes, only four (Ubrl, Ubr2, Ubr4, and Ubr5) were found to
be N-recognins [37], which correspond to the three UBR-box proteins (Ubr1, Ubr4, and
Ubr5) in Drosophila.

The observed effects of NatB on Drk regulation prompted us to test whether fly Ubrl,
Ubr4, or Ubr5 affects Drk levels after RNAi knockdown. As cells with Ubr4/Poe knockdown
were mostly eliminated in developing discs, baculovirus p35 was expressed together with Ubr4
RNAI to inhibit cell death. Ubr4 knockdown with p35 expression significantly increased Drk
levels in WT background (Fig 5F and 5F’), while p35 expression alone did not significantly
affect Drk levels (Fig 5E and 5E”). Furthermore, Ubr4 knockdown with p35 expression
restored Drk levels in psid mutant clones (Fig 5I and 5I’, compare with 4B-4C’). On the other
hand, knockdown Ubr1 or Ubr5 did not affect Drk levels (Fig 5G and 5H’) and knockdown
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wing discs, marked by GFP expression (pointed by arrowheads), showed decreased Drk level (C) which was rescued by expressing WT Psid (D) or nonphosphorylatable
Psid*” (S678A) (F) but not the phosphomimetic mutant Psid’P (S678D) (E). (G-H) NAA20 RNAi (G) or Drk RNAi (H) eye disc clones, which was generated with
eyeflp-CoinGal4 and labeled with GFP (pointed by arrowheads), showed decreased Drk level. (I-M) Drk RNAi (J) reduced the level of activated EGFR-induced pERK
(I), which was further inhibited by the expression of Spry (K-L). Average pERK levels normalized by the endogenous pERK in posterior eye disc and standard
deviations were shown in (M) (N>4 for each genotype). White arrowheads point to cells with activated EGFR expression and yellow arrowheads point to
corresponding WT eye disc areas.

https://doi.org/10.1371/journal.pgen.1008863.9004

Ubrl did not affect Drk levels in psid mutant background either (S4B-S4C’ Fig). These results
are consistent with the idea that Drk protein degradation is regulated by the N-end rule E3
ubiquitin ligase Ubr4.

Taken together, results from our studies suggest a model that NatB regulates Drk protein
stability through modification of its N-terminus, which alters its recognition by the N-end rule
pathway. It should be pointed out that our results are mainly derived from genetic studies
examining the effects of different genotype clones. Additional biochemical studies will be
needed to confirm that Drk is directly regulated by NatB and Ubr4.

NatB inactivation increases the levels of PP2AC, which inhibits MAPK
activation in developing imaginal discs

While PP2A can potentially dephosphorylate multiple components of the Ras/MAPK pathway
and exerts both negative and positive regulations, knockdown of PP2A subunits in Drosophila
cells enhanced insulin-induced MAPK activation and reducing the gene dosage of PP2AC, the
catalytic subunit of PP2A, stimulates activated Ras induced signaling in eye tissues [40,41].
These observations suggest that PP2A has an overall negative effect on RTK/Ras induced
MAPK activation in vivo.

We first used PP2AC RNAI to identify an antibody that can recognize the endogenous fly
protein. As shown in Fig 6E, PP2AC RNAI significantly decreased PP2AC protein signal,
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Fig 5. NatB-inactivation decreased Drk levels through its N-terminal sequences, which was regulated by the N-end rule E3 ubiquitin ligase POE/UBR4. (A-C)
N-Drk-GFP (GFP tagged with a 10 amino acids N-terminal from Drk, green) and LacZ (8-galactosidase staining, red) were co-expressed in FRT control (A) or psid-D4
MARCM clones (B-C) with or without co-expressed Psid rescue construct. psid-D4 mutant clones (B) show similar levels of -gal but decreased level of N-Drk-GFP in
comparison to FRT control (A). (C) Expression of WT Psid rescued the level of N-Drk-GFP in psid-D4 mutant clones. (D) Levels of N-Drk-GFP or WT GFP, normalized
with B-gal level, in MARCM clones with indicated genotype were quantified and the average and standard deviation were shown (N>4 for each genotype; ** indicates
P<0.00001, t test). Data were collected from eye discs containing MARCM clones similar to those shown in (A-C). (E-J) Wing discs containing FRT control or psid
MARCM clones marked by GFP expression (pointed by arrowheads). POE/Ubr4 RNAi clones were generated with the expression of p35 to prevent cell death. p35
expression alone did not influence Drk level (E). Ubr4/POE RNAi increased the Drk level in FRT control clones (F). In contrast, Ubrl RNAi (G) or Ubr5 RNAi (H)
clones did not affect Drk levels. Ubr4/POE RNAI restored the Drk level in psid-D1 clones (I) but did not influence the level of PP2AC (J), suggesting a specific effect of
Ubr4 on Drk but not PP2AC degradation.

https://doi.org/10.1371/journal.pgen.1008863.9005

indicating that this PP2AC antibody can specifically detect the endogenous protein. Interest-
ingly, MARCM clones with either psid”’ or psid”* mutation showed increased PP2AC protein
levels (Fig 6A-6B’). The increased PP2AC protein was dependent on the psid mutation since
expression of WT Psid blocked the increased PP2AC levels (Fig 6C and 6C’). Furthermore,
knockdown of NAA20 significantly increased PP2AC protein level (Fig 6D and 6D’) but not
PP2AC mRNA level (S5C Fig). These results showed that inactivation of NatB activity
increased PP2AC protein level posttranscriptionally.
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Overexpression of PP2AC in mouse heart was shown to increase PP2AC level, reduce the
phosphorylation level of its targets, and impair cardiac function [42]. To determine whether
increased PP2AC levels contribute to reduced MAPK activation in psid mutant clones, we
tested effects of knockdown PP2AC in psid mutant or control MARCM clones. Since PP2AC
knockdown with psid mutation induced significantly levels of cell death, baculovirus p35 pro-
tein, which does not affect pERK levels when expressed alone (Fig 6]), was expressed in con-
junction with PP2AC knockdown in these experiments. While reduced pERK levels observed
in psid mutant clones (Fig 6K and 6K™), psid mutant cells with PP2AC knockdown showed
increased pERK levels, particularly in the basal region of the eye disc where these cells were
mostly observed (Fig 6L and 6L7). In addition, PP2AC-RNAi cells also showed similarly
increased pERK levels (Fig 6M and 6M™). These results, which are consistent with the previ-
ous finding that PP2AC has an overall negative effect on RTK/Ras induced MAPK activation
[40], suggested that increased PP2AC contributes to the inhibition of MAPK activation by psid
mutation.

PP2AC and Drk are regulated by distinct branches of the N-end rule
pathways

The increased level of PP2AC observed in NatB inactivated cells led us to hypothesize that the
N-terminally acetylated PP2AC but not the N-terminally unmodified PP2AC is preferentially
degraded by the Ac/N-end rule pathway. Two Ac/N-recognins Doal0 and Not4 have been
identified in yeast and the Doal0 homolog Teb4 has been shown to function as a mammalian
Ac/N-recognins [30,43], suggesting that the Ac/N-end rule pathway is also conserved. The
Doal0/Teb4 and Not4 homologs in Drosophila are CG1317 and Cnot4, respectively. We gen-
erated an allele of fly Teb4 that deleted a significant portion of the open reading frame includ-
ing the initiation ATG (S5A Fig). Clones of cells with teb4/CG1317 mutation were quite small
but did not affect PP2AC levels (S5B and S5B’ Fig). These results suggest that Teb4/CG1317
does not significantly affect PP2AC degradation. On the other hand, inactivating the fly Not4
E3 ubiquitin ligases homolog Cnot4 with RNAI significantly increased levels of PP2AC protein
(Fig 6F and 6F’) but not PP2AC mRNA (S5C Fig). Additionally, overexpression of Cnot4 sig-
nificantly decreased the basal levels of PP2AC (Fig 6G and 6G’). These results suggest that
Cnot4 but not Teb4/CG1317 contribute to the degradation of PP2AC.

The above results suggested that PP2AC is degraded by the Ac/N-end rule E3 ubiquitin
ligase Cnot4 while Drk is degraded by the Arg/N-end rule pathway E3 ubiquitin ligase Ubr4.
We further determined whether PP2AC could also be significantly affected by the Arg/N-end
rule pathway and whether Drk significantly affected by the Ac/N-end pathway. Ubr4 knock-
down did not significantly affect PP2AC levels (Fig 5] and 5]’) despite significantly increased
the levels of Drk (Fig 5F and 5F’). In addition, knockdown of Ubrl and UbrS5, the other two fly
N-recognins of the Arg/N-end rule pathway, did not significantly affect PP2AC levels either
(S5D-S5E’ Fig). These results suggest that PP2AC is not significantly affected by the Arg/N-
end rule pathway E3 ubiquitin ligases. On the other hand, overexpression of Cnot4 did not sig-
nificantly affect Drk levels despite significantly reduced PP2AC levels (Fig 6G and 6H’). In
addition, mutation of Teb4/CG1317 did not significantly affect Drk levels either (S5F Fig).
These results show that Drk protein level was not significantly affected by the Ac/N-end rule
E3 ubiquitin ligases.

Taken together, our results are consistent with the model that PP2AC is regulated by the
Ac/N-end rule pathway E3 ubiquitin ligase Cnot4 while Drk is preferentially targeted for deg-
radation by the Arg/N-end rule pathway E3 ubiquitin ligase Ubr4.
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Fig 6. Inactivation of NatB increased levels of PP2AC, which contributes to the inhibition of MAPK activation by psid mutation. (A-C) Increased PP2AC level (anti-
PP2AC staining, red) was observed in both psid-DI (A) and psid-D4 (B) MARCM clones (marked by GFP expression, pointed by arrowheads) in eye discs. Expression of
WT Psid (C) reduced PP2AC levels in psid-D4 MARCM clones to background levels. (D) NAA20 RNAi clone generated with eyeflp-CoinGal4 and marked by GFP
expression (pointed by arrowheads) showed increased PP2AC level. (E) PP2AC RNAI expression in FRT82B MARCM clones (pointed by arrowheads) decreased PP2AC
levels in eye disc. (F) Cnot4 RNAi clone (pointed by arrowheads) generated with eyeflp-CoinGal4 and marked by GFP expression showed increased PP2AC level. (G-I)
GFP and p35 were expressed together with Cnot4 to prevent cell death and to mark the expressing cells (pointed by arrowheads). Cnot4 overexpression decreased PP2AC
protein level (G) but did not significantly affect Drk level (H), while expressing p35 alone did not affect PP2AC level (I). (J-M) Apical or Basal sections of representative
eye discs containing psid or FRT control MARCM clones marked by GFP expression (pointed by arrowheads). p35, which did not affect pERK (J), was used to prevent the
elimination of PP2AC RNAI clones. psid-D4 clones showed decreased pERK level (K). PP2AC RNAi expression cells in psid-D4 clones (L-L™) or in FRT control clones
(M-M"‘) were mostly located at the basal section (L”-L” and M”-M”) and showed increased pERK levels.

https://doi.org/10.1371/journal.pgen.1008863.9006
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NatB inactivation decreased the level of MAPK, another highly conserved
positive component of the EGFR/MAPK pathway

The above results showed that NatB inactivation inhibited EGFR/MAPK pathway by decreas-
ing the levels of the conserved positive regulator Drk while increasing the levels of the con-
served negative regulator PP2AC. To gain better understanding of how NatB/N-end rule
pathway modulate EGFR/MAPK signaling, we further characterized the effect of NatB on
other potential targets with available antibodies, MAPK, Spry, and PTP-ER.

MAPK has high level of overall sequence conservation except the N-terminal region. Inter-
estingly, a previous study showed that MAPK is degraded by the Poe/Ubr4 E3 ubiquitin ligase,
suggesting that MAPK is regulated by the Arg/N end rule pathway [44]. Therefore, it is very
interesting to determine whether NatB affects MAPK levels.

We found that inactivation of NatB with psid mutation moderately reduced MAPK levels in
wing disc (Fig 7C), using an anti-MAPK antibody that can detect the endogenous MAPK pro-
tein (Fig 7F). In addition, significant reduced MAPK protein levels were also observed in both
psid”" or psid®* mutant clones in fat body (Fig 7A-7B’). Therefore, NatB also regulates MAPK
levels. In support of the previous report that MAPK is degraded by Ubr4, knockdown of Ubr4
with p35 expression significantly increased MAPK levels (Fig 7D and 7D’), while p35
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expression alone or knockdown of Ubrl or Ubr5 had no effect (Fig 7G-7T’). In addition,
knockdown of Ubr4 also blocked psid mutation induced-decrease in MAPK levels (Fig 7C-
7E’). Taken together, NatB activity also increased the level of MAPK, another conserved posi-
tive component of the EGFR signaling pathway.

NatB inactivation did not affect the posttranscriptional level of Spry, a
component of the EGFR/MAPK pathway that is not highly conserved

In contrast to the highly conserved sequences of Drk and PP2AC, Spry has low overall
sequence conservation except in a cysteine-rich region near the C-terminus [45]. Staining with
an antibody against Spry [45] detected elevated Spry levels in posterior eye discs that was sig-
nificantly reduced by Spry RNAi (S6A and S6A’ Fig, white arrowheads). In contrast, the back-
ground signal in anterior eye disc regions was not affected by Spry-RNAi (S6A and S6A’ Fig,
yellow arrowheads). These observations consistent with reports that Spry expression is depen-
dent on RTK signaling, which is activated in the posterior region of developing eye [45,46].
Decreased Spry levels were detected in psid mutant clones (S6B Fig). Since psid mutation
reduces EGFR/MAPK signaling, which in turn regulates Spry expression, the observed
decreased Spry level in posterior eye disc could be due to reduced Spry expression in psid
clones. To further characterize whether psid mutation affects Spry level independent of tran-
scription, we co-expressed Spry-HA with GFP in psid or control MARCM clones. As shown in
S6 Fig, similar levels of Spry-HA normalized by GFP signal were observed in the psid and the
control MARCM clones (S6C-S6E Fig). These results showed that psid mutation did not sig-
nificantly affect the levels of Spry posttranscriptionally, a negative regulator of RTK signaling
that does not have high sequence conservation.

Of the other two remaining potential NatB targets that function between EGFR and
MAPK, PTP-ER and Sur-8, only PTP-ER has available antibodies [47]. However, although the
PTP-ER antibodies can recognize PTP-ER protein on western blots [47], staining imaginal
discs with either monoclonal antibody showed only background signal, which was not affected
by PTP-ER RNAI constructs (S6F-S6G’ Fig). Therefore, we could not use these antibodies to
determine whether psid mutation affects PTP-ER levels.

psid mutation inhibited activated EGFR-induced tumor growth

Mutation, increased expression, and amplification of EGFR that deregulate the EGFR signal-
ing are linked with the development of a variety of human cancers [48]. Therefore, it is of sig-
nificant interest to determine whether psid inactivation can inhibit EGFR signaling-induced
tumor growth. In Drosophila, expression of activated EGFR or activated Ras in conjunction
with scrib mutation induces cephalic and male gonadal tumors when Ey-FLP was used to
induce MARCM clones (Fig 7K) [49,50,51]. Interestingly, psid mutation significantly inhibited
activated EGFR-induced tumor growth in both regions (Fig 7K, Yellow and white arrowheads,
tumor cells were marked by GFP). The gonadal tumor was initiated by Ey-FLP induced scrib
MARCM clone in the ‘terminal body’ (TB) cells at the posterior pole, which grows and spreads
to the anterior [51]. The EGFR®* scrib mutant cells were highly proliferative as shown by the
large numbers of BrdU incorporating cells (Fig 7M and 7M’). Inactivation of psid significantly
inhibited the proliferation of EGFR“* scrib mutant cells (Fig 7N and 7N, GFP positive cells
pointed by arrowhead) despite normal cell proliferation in the anterior pole can be easily
detected (Fig 7N and 7N’, GFP negative cells pointed by arrow). Furthermore, expressing
Psid"" or Psid®* but not the NAA20 binding defective Psid®® mutant restored EGFR“* scrib
tumor growth in psid mutant background (Fig 7L). These results suggest that Psid-regulated
NatB activity is required for activated EGFR-induce tumor growth.
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Fig 7. NatB inactivation decreased the level of MAPK and proposed model of EGFR/MAPK signaling regulation by NatB and the N-end rule pathways. (A-B)
psid-D1 (A) or psid-D4 (B) clones in 3rd instar fat body, which were marked by GFP expression (pointed by arrowheads), showed decreased MAPK levels (anti-MAPK
staining, red). (C) psid-D4 clones in wing disc, marked by GFP expression (pointed by arrowheads), showed decreased MAPK level. (D-E) Ubr4 RNAi clones, marked
by GFP expression (pointed by arrowheads), showed increased MAPK level (D). Ubr4 RNAi also restored the level of MAPK in psid-D4 clones (C, E). p35 expression,
which did not affect MAPK levels (G), was used to block the death of Ubr4 RNAI cells. (F) The specificity of the anti-MAPK antibody. Reduced MAPK staining was
observed in MAPK RNAi clones marked by GFP expression (pointed by arrowheads). (H-I) Ubrl RNAi (H) or Ubr5 RNAi (I) clones (pointed by arrowheads) did not
significantly affect MAPK levels. (J) A proposed model of EGFR/MAPK signaling regulation by NatB and the N-end rule pathways through inversely modulating the
levels of positive and negative pathway components is shown. Drk/Grb2 and MAPK, two positive components of the EGFR signaling pathway are targeted for
degradation by the Arg/N-end rule pathway and E3 ubiquitin ligase Ubr4 while PP2AC, a negative regulator of EGFR signaling pathway, is targeted for degradation by
the Ac/N-end rule pathway E3 ubiquitin ligase Cnot4. The levels of acetylation of these proteins are controlled by NatB activity and the key rate-limiting substrate Ac-
CoA. High NatB activity and high Ac-CoA level will increase the levels of Nt-acetylated Grb2/Drk, MAPK, and PP2AC, leading to high EGFR signaling due to elevated
levels of Grb2/Drk and MAPK (positive components of the pathway) and reduced levels of PP2AC (negative component of the pathway). In contrast, low NatB activity
and low Ac-CoA levels will reduce the levels of Nt-acetylated Grb2/Drk, MAPK, and PP2AC, leading to reduced EGFR signaling due to decreased levels of Grb2/Drk
and MAPK (positive components of the pathway) and increased levels of PP2AC (negative component of the pathway). (K) psid mutation inhibited Ey-FLP induced
MARCM clones of activated EGFR expression (labelled with GFP) in scrib mutant clones. Yellow and white arrows point to tumor growth in the head region and the
male gonads, respectively. (L) Expression of WT Psid or the Psid-SA mutant but not the NAA20-binding defective Psid-SD mutant restored tumor growth, suggesting
the NatB activity is required for activated EGFR-induced tumor growth. (M-N’) psid mutation significantly inhibited activated EGFR-induced cell proliferation in male
gonads. scrib mutant clones with activated EGFR expression (pointed by arrowhead) were highly proliferative with high level of BrdU incorporation (M-M’, red). In
contrast, mutation of psid significantly inhibited BrdU incorporation in EGFR scrib cells (N-N’, arrowhead pointed GFP positive cells). Arrows in N-N’ point to the
normal proliferating cells in the anterior pole.

https://doi.org/10.1371/journal.pgen.1008863.9007
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Discussion

Our results suggest a model by which NatB activity modulates EGFR/MAPK signaling by regu-
lating the levels of multiple highly conserved pathway components posttranscriptionally (Fig
7]). The N-terminus of protein have been shown to influence protein stability through the N-
end rule pathway with branches that selectively degrade N-terminally acetylated protein or N-
terminally unmodified protein [30]. Interestingly, we found that NatB targets that are highly
conserved positive components of EGFR signaling pathway are selectively targeted for degra-
dation by the Arg/N end rule E3 ubiquitin ligase Ubr4 (Fig 7]). In contrast, NatB target that is
a highly conserved negative component of the pathway, PP2AC, is selectively targeted for deg-
radation by the Ac/N end rule E3 ubiquitin ligase Cnot4 (Fig 7]). As E3 ubiquitin ligases for
the two branches of the N-end rule pathway selectively recognize the positively charged non-
acetylated N-terminus or the acetylated N-terminus that lacks the positive charge, respectively,
NatB activity, which shifts the level of protein Nt-acetylation, will potentially lead to coordi-
nated changes in the levels of positive and negative components of the pathway (Fig 7], S7A
and S7B Fig). In this model, inhibition of NatB activity would result in the loss of N-terminal
acetylated Drk/Grb2 and MAPK and the degradation of the N-terminal non-acetylated pro-
teins, leading to decreased levels of positive components (S7A Fig). Furthermore, inhibition of
NatB activity would also result in the accumulation of N-terminal non-acetylated PP2AC,
which would prevent its degradation by the Ac/N end rule E3 ubiquitin ligase Cnot4 and result
in the increased levels of this negative pathway component (S7A Fig). It is likely that the
inverse changes in the levels of multiple positive and negative components of the pathway
underlie NatB activity-mediated regulation of EGFR signaling (Fig 7], S7A and S7B Fig). In
addition, since many receptor tyrosine kinase (RTK) signaling share these same components,
it is possible that these RTK signaling can be similarly affected by N-terminal acetylation and
N-end rule pathway.

Because Nt-acetylation is believed to be largely co-translational and without a correspond-
ing deacetylase, Nt-acetylation is often regarded as a constitutive, irreversible, and static modi-
fication that is not suited to serve regulatory functions. This study, however, suggest N-
terminal acetylation by NatB may provide important regulatory function. First, NatB activity
mainly regulates the level of highly conserved pathway components. Second, NatB activity
coordinately regulates the levels of positive and negative components of the EGFR signaling
pathway. Third, as knockdown of Ubr4 significantly elevated levels of both Drk/Grb2 and
MAPK and as Ubr box proteins specifically recognizes N-terminal non-acetylated proteins,
these results suggest that significant levels of endogenous Drk/Grb2 and MAPK are without
N-terminal acetylation in normal growth conditions and are targeted for degradation by Ubr4.
It is likely that these proteins are partially Nt-acetylation under normal growth conditions,
which could potentially be regulated by increasing or decreasing the level of NatB activity or
Acetyl-CoA, a key substrate of N-terminal acetylation.

Acetyl-CoA has been suggested as a central metabolite and second messenger of the cellular
energetic state [52]. The levels of Acetyl-CoA, which is influenced by the availability of nutri-
ents and growth factors, can vary significantly in cells and influence the levels of protein acety-
lation by various acetyl transferases [52,53]. Indeed, Acetyl-CoA level was shown to regulate
the N-terminal acetylation of several NatA targets, which modulates the sensitivity of cells to
apoptosis [54]. As the Km for NatB from Candida is quite high (around 50 uM) [55], it is likely
that N-terminal acetylation by NatB will also be influenced by Acetyl-CoA levels, which will
potentially link the regulation of EGFR signaling with cellular energetic status.

In addition to Acetyl-CoA level, NatB activity may also be regulated. It was shown that a
conserved serine in Psid just downstream of the NAA20 interaction domain regulated NatB
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complex formation in a phosphorylation-dependent manner (Stephan et al., 2012). Similarly,
we found that expressing the phosphorylation resistant but not the phosphorylation mimic
form of Psid could rescue the effect of psid mutation on EGFR signaling. These results suggest
NatB activity is regulated by cellular signaling pathways through phosphorylation. Taken
together, our study suggest that the level of N-terminal acetylation is potentially regulated by
cellular signaling and nutrient status, which would in turn regulate the strength of EGFR sig-
naling output by coordinately regulated the levels of multiple positive and negative regulators
of the pathway (S7A and S7B Fig). Further studies will be needed to test these possibilities.

The high sequence conservation of the EGFR signaling components, such as Grb2 and
PP2AC, which are regulated by NatB and N-end rule pathways suggest that the mechanisms
we uncovered in Drosophila is likely conserved in mammalian systems. Indeed, a recent study
found that inhibition of NatB significantly decreased EGF-induced ERK activation in human
liver cancer cells [56]. As mutation or overexpression of EGFR or Ras that deregulate EGFR/
MAPK signaling are quite common in human cancers and NatB subunits are significant unfa-
vorable prognostic markers for human cancers [57,58,59], our results could potentially provide
a new strategy to develop therapeutic interventions for these cancers.

The regulation of MAPK activity by NatB described in this study also provides a mecha-
nism by which Nt-acetylation by NatB is required to ensure olfactory receptor neuron (ORN)
survival as described previously [29]. It was shown that the phospho-resistant Psid®* mutant
rescued the psid cell-loss phenotype while the phosphomimetic Psid*” mutant failed to rescue
[29]. In this study, we showed that the phospho-resistant Psid>* but not the phosphomimetic
Psid®" was able to rescue psid mutation-mediated MAPK inhibition and rbf psid synergistic
cell death.

We showed that psid mutation significantly inhibited pERK level induced by activated
EGEFR and Ras but not activated Raf. At first glance, these results do not seem to be consistent
with the result that MAPK is also regulated by NatB. One possible explanation is that the
unphosphorylated MAPK level was not limiting and therefore the moderate change in MAPK
level did not significantly affect Raf-induced MAPK activation. Another possible explanation
is that the effect of reduced MAPK levels was compensated by the effect of increased levels of
PP2AC. It was shown that activation of Raf by Ras-GTP involve activating phosphorylation as
well as inhibitory phosphorylation by ERK feedback regulation [60]. It is possible that in
experiments involving activated Raf-induced MAPK activation, the main function of PP2A
was to remove the inhibitory phosphorylation on Raf. In contrast, in experiments involving
activated Ras-induced MAPK activation, the dominant function of PP2A was to remove the
activating phosphorylation. Consistent with this, reducing the PP2AC gene dosage was found
to impair signaling from activated Raf but stimulate signaling from activated Ras [40]. There-
fore, psid mutation induced increased PP2AC potentially compensated decreased MAPK lev-
els, resulting no obvious inhibition of activated Raf-induced dpERK level.

Materials and methods
Drosophila stocks and genetics

The following fly stocks were used in this study: rbf** [19]; psd-D1(BL41122, BL indicating
Bloomington Drosophila stock center); psd-D4 (BL41123), UAS-Rbf RNAi (BL36744), scrib
673 (BL41175), UAS-NAA20 RNAIi (BL36899), UAS-Drk RNAi (BL41692), UAS-Poe RNAi
(BL32945), UAS-PP2AC RNAIi (BL 27723), UAS-Cnot4 RNAi (BL42513), UAS-Cnot4
(BL22246), UAS-p35 (BL5072, BL5073), UAS-MAPK RNAI (BL34855), UAS-Ubr5 RNAi
(BL32352), UAS-Ubrl RNAi (BL31374), UAS Psid-WT [28], UAS-Psid-S678D and UAS-P-
sid-S678A [29], aos-lacz and UAS-EGFR“ [24], UAS-ras"’? (BL64196), UAS-raf®” (BL2033),
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UAS-GFP (BL5431), CoinFLP-Gal4-UAS-GFP (BL58751), UAS-Dcr2 (BL58757), UAS-spro-
uty RNAi (BL36709), UAS-PTP-ER RNAi (BL53311), and UAS-sprouty [46].

Main genetic technologies used in this study include: FLP/FRT system to generate regular
loss of function mosaic clones [61]; MARCM system to generate mosaic clones with both
mutation and ectopic expression [62]; UAS/Gal4 and Flp-out or CoinFLP system to induce
ectopic expression of RNAI in clones or in whole eyes [63,64,65].

Genetic screen for rbf synthetic lethal mutations and generation of N-Drk-
GFP transgenic fly and CG1317/Teb4 deletion allele

Ethyl methanesulfonate (EMS)-induced mutant screen was carried out as described [19].
Isogenized w; P{ry+, neoFRT82B} males were used for mutagenesis, rbf">**,w, eyFLP; P{ry+,
neoFRT82B} P{w+, Ubi-GFP} P{w+, Rbf-G3} and w, eyFLP; P{ry+,neoFRT82B} P{w+, Ubi-
GFP} stocks were used for screening and rbf dependence test.

The N-Drk-GFP transgenic fly, which contains the N-terminal 10 amino acid sequence
from Drk (ATG GAA GCG ATT GCC AAA CAC GAT TTC TCT) fused to the N-terminus of
GFP from PX458 plasmid was generated by PCR and verified by sequencing. The N-Drk-GFP
fusion was cloned into the pUAST plasmid and transgenic flies were established.

The CG1317/Teb4 deletion allele was generated by crossing the P-element insertion line
(BL20646) with the transposase line A2-3. Independent excision lines that have lost eye color
were established. Deletions were identified by PCR using P element primers and primers
flanking the P element. The breakpoints were determined by sequencing of the PCR products.

Immunostaining, BrdU incorporation, and antibodies

Immunostaining was performed as previously described [24]. For dpErk staining, dissected
discs were fixed with 8% formaldehyde in PBS for 1 hr. For PP2AC staining, dissected discs
were fixed with 4% formaldehyde in 100mM Lysine for 1 hr on ice, and saponin was added in
the blocking solution to a final concentration of 0.2% during the process of blocking and pri-
mary antibody incubation. For Brdu incorporation of male gonads, male gonads were dissected
from larvae with growing tumors at 7-8 day after egg laying in Schneider’s medium. Samples
were incubated with BrdU (75 pg/ml in Schneider’s medium) at RT for 1 hr, washed with PBS,
and fixed with 4% formaldehyde in PBS for 30 minutes at RT, followed by postfixing with 4%
formaldehyde in PBS with 0.6% Tween 20 for 30 minutes at RT. These samples were washed
with DNase I buffer, followed by incubation with DNase I (100 U/500 pl) for 1 hr and wash
with PBST (0.3% triton X-100). Primary antibodies used in this study: rabbit anti-cleaved Cas-
pase-3 (C3, 1:400 from Cell Signaling, Cat #9661), rabbit anti dpErk (1:400, Cell signaling, Cat
#4370), rabbit anti-MAPK (1:500, Cell signaling, Cat #4695), mouse anti-PP2AC (1:400, Santa
Cruz Biotechnology, sc-80665), rabbit anti-Drk (1:1000) [36], Guinea pig anti-senseless (1:1000,
gift from Dr. Hugo Bellen), rat anti-Elav (1:100, DSHB, 7E8A10), mouse anti-BrdU (1:50,
DSHB, G3G4), mouse anti-f-Galactosidase (1:100, DSHB, 40-1a). Secondary antibodies are
from Jackson ImmunoResearch (1:400). Samples were mounted in 70% Glycerol with 1,4-diaza-
bicyclo[2.2.2]octane (DABCO) at 12.5 mg/mL. Samples were imaged with an AxioCam CCD
camera mounted on a Zeiss Axio Imager with ApoTome using the Zeiss Axiovision software.

Quantification of cell death levels and N-Drk-GFP levels in developing
imaginal discs

Cell death level was determined by the percentage of clone area (pixels) that have above back-
ground levels of caspase 3 (C3) signal using the Histogram function in Photoshop as described
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previously [20]. Background level of C3 signal was determined from the adjacent WT tissues
that have no apoptosis. The average and standard deviation of percent cell death for each geno-
type discs was then determined from at least six imaginal discs and then compared. Two-way
student T test was used to determine the significance of statistical differences between different
genotypes.

To investigate the effect of psidin mutation on N-Drk-GFP levels, MARCM clones were
generated and marked by LacZ expression. LacZ expression levels were determined by anti-B-
gal staining and used as an internal control. Exposure time of imaging was optimized with the
brightest samples and used for all samples. GFP and B-gal signal brightness was calculated
using the Histogram function in Photoshop. Normalized GFP levels were showed as relative
ratios of signal brightness of GFP to that of B-gal with the normalized GFP level in WT control
set as 1. The average and standard deviation of relative GFP levels for each genotype discs was
then determined using at least six imaginal discs and compared. Two-way student T test was
used to determine the significance of statistical differences between different genotypes.

RNA isolation and quantitative real-time PCR

Total RNA was extracted using TRI reagent (Invitrogen) from about 30 eye/antenna discs dis-
sected from 3rd instar larvae cultured at 25°C with expression of RNAi constructs driven by
eyFLP, Act>CD2>Gal4. cDNA synthesis and qRT-PCR reactions were performed as previ-
ously described [66]. Ribosomal protein gene rp49 was used as an internal control in qPCR
analysis. The averages and standard deviations of at least three independent replicates were
shown. Primers used were as follows: Drk for 5-GGAAGCGATTGCCAAACAC-3’; Drk rev
5-GCGCGATACCAATTTGAATCG-3; PP2AC for 5-GCAATCAGTTGACAGAGACACA-
3’; PP2AC Rev 5-CACCGGGCATTTTACCTCCT-3%; Rp49 F 5-ACAGGCCCAAGATCGTG
AAGA-3’; Rp49 R 5°- CGCACTCTGTTGTCGATACCCT-3".

Genotype of flies used in this study
Fig1

w, eyFLP/Y; FRT82B,Rps3", Ubi-GFP/FRT82B (panel A)

rbf > w, eyFLP/Y; FRT82B, RBF-G3, Rps3’, Ubi-GFP/ FRT82B (panel B)

w, eyFLP/Y; FRT82B,Rps3’, Ubi-GFP/FRT82B, psid (AE, or D1) (panels C, E)

rbf*** w, eyFLP/Y; FRT82B, RBF-G3, Rps3’, Ubi-GFP/ FRT82B, psid (AE, or D1) (panels
D,F)

eyFLP, Act>CD2>Gal4/Y; UAS-Rbf RNAi /+ or UAS-NAA20 RNAi (panels H, J)

eyFLP, Act>CD2>Gal4/Y; + or UAS-NAA20 RNAI (panels G, I)

w,eyFLP (or HsFLP)/Y; Act >y >Gal4, UAS-GFP; FRT82B, tub-Gal80/ FRT82B, psid D4
(panels L, P)

rbf****, w,eyFLP (or HSFLP)/Y; Act >y >Gal4, UAS-GFP; FRT82B, RBF-G3, tub-Gal80/
FRT82B or (FRT82B, psidin D4) (panels K, M, O, Q)

rbf'** ., eyFLP (or HsFLP)/Y; Act >y >Gal4, UAS-GFP/ UAS-psidin WT; FRT82B,
RBF-G3, tub-Gal80/ FRT82B, psid D4 (panels N, R)

Fig 2

w, eyFLP /Y; FRT82B, Ubi-GFP / aos-lacz, FRT82B, psdin psid D4 (panel A)

HsFLP; Act >y >Gal4, UAS-GFP/ + or UAS-psidin (WT, SD, or SA); FRT82B, tub-Gal80/
FRT82B,psid D4 (panels B-E)

eyFLP, UAS-Dcr2 / +; CoinFLP-Gal4-UAS-GFP; aos-lacz, UAS-NAA20 RNAi (panel F)

rbf** w, HsFLP/Y; Act >y >Gal4, UAS-GFP/ + or UAS- (EGFR“*, Ras"'?, or Raf®"");
FRT82B, RBF-G3, tub-Gal80/ FRT82B, psid D4 (panels G-])
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Fig 3

HSsFLP; Act > y >Gal4, UAS-GFP/ UAS- (EGFR®*, Ras"'?, or Raf®*"); FRT82B, tub-Gal80/
FRT82B or (FRT82B, psid D4) (Panels A-F)

HsFLP; Act >y >Gal4, UAS-GFP/ UAS-EGFR“*, UAS-psid (WT, SD, or SA); FRT82B,
tub-Gal80/ FRT82B, psid D4 (panels G-I)

eyFLP, UAS-Dcr2 / +; CoinFLP-Gal4-UAS-GFP/ EGFR®%; + or UAS-NAA20 RNAi (panels
J-K)

Fig 4

w, HsFLP; FRT82B, Ubi-GFP / FRT82B, psdin D1 (panels A-B)

HsFLP; Act >y >Gal4, UAS-GFP/ + or UAS-psid (WT, SD, or SA); FRT82B, tub-Gal80/
FRT82B, psid D4 (panels C-F)

eyFLP, UAS-Dcr2 / +; CoinFLP-Gal4-UAS-GFP; UAS-NAA20 RNAi (panel G)

eyFLP, UAS-Dcr2 / +; CoinFLP-Gal4-UAS-GFP; UAS-Drk RNAi (panel H)

eyFLP, UAS-Dcr2 / +; CoinFLP-Gal4-UAS-GFP/ UAS-EGFR®*; + or UAS-Drk RNAi
(panels I-])

eyFLP, UAS-Dcr2 / +; CoinFLP-Gal4-UAS-GFP/ UAS-EGFR“*,UAS-sprouty; + or
UAS-Drk RNAi (panels K-L)

Fig 5

eyFLP; Act >y >Gal4, UAS-Lacz; FRT82B, tub-Gal80/ UAS-N-Drk-GFP, FRT 82B (panel
A)

eyFLP; Act >y >Gal4, UAS-Lacz / + or UAS-psid (WT, SD, or SA); FRT82B, tub-Gal80/
UAS-N-Drk-GFP, FRT 82B, psid D4 (or psid DI) (panels B-D)

eyFLP; Act >y >Gal4, UAS-Lacz / Act >y >Gal4, UAS-GFP; FRT82B, tub-Gal80/ FRT
82B or (FRT82B, psid D4) (panel D)

HsFLP; Act >y >Gal4, UAS-GFP/UAS-p35; FRT82B, tub-Gal80/ FRT82B (panel E)

HSFLP; Act >y >Gal4, UAS-GFP/UAS-p35; UAS-Ubr4 RNAi,FRT82B, tub-Gal80/
FRT82B or (FRT82B, psid DI) (panels F, 1, ])

HsFLP; tub-Gal80, FRT40A/ FRT40A; Act >y >Gal4, UAS-GFP / UAS-(Ubrl RNAi or
Ubr5 RNAI) panels (G-H)

Fig 6

HSsFLP; Act >y >Gal4, UAS-GFP; FRT82B, tub-Gal80/ FRT82B, psid D4 or (psid D1) (pan-
els A-B)

HSsFLP; Act >y >Gal4, UAS-GFP/ UAS-psid WT; FRT82B, tub-Gal80/ FRT82B, psid D4
(panel C)

eyFLP, UAS-Dcr2 / +; CoinFLP-Gal4-UAS-GFP; UAS-NAA20 RNAi (panel D)

w,eyFLP; Act > y >Gal4, UAS-GFP; FRT82B, tub-Gal80/UAS-PP2AC RNA], FRT82B
(panel E)

eyFLP, UAS-Dcr2 / +; CoinFLP-Gal4-UAS-GFP/ UAS-Cnot4 RNAi (panel F)

HSsFLP; Act >y >Gal4, UAS-GFP, UAS-p35/ + or UAS-Cnot4; FRT82B, tub-Gal80/
FRT82B (panels G-I)

HsFLP; Act >y >Gal4, UAS-GFP/ UAS-p35; FRT82B, tub-Gal80/ FRT82B or [(FRT82B,
psid D4), (UAS-PP2AC RNAI, FRT82B, psid D4) or (UAS-PP2AC RNAI, FRT82B)] (panels
J-M)

Fig 7

HsFLP; Act >y >Gal4, UAS-GFP; FRT82B, tub-Gal80/ FRT82B, psid D4 or (psid D1) (pan-
els A-B)

HsFLP; Act >y >Gal4, UAS-GFP/UAS-p35; FRT82B, tub-Gal80/ FRT82B or (FRT82B,
psid D4) (panels C, G)
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HSsFLP; Act > y >Gal4, UAS-GFP/UAS-p35; UAS-Ubr4 RNAi,FRT82B, tub-Gal80/
FRT82B or (FRT82B, psid D4) (panels D-E)

HsFLP; tub-Gal80, FRT40A/ FRT40A; Act >y >Gal4, UAS-GFP / UAS-MAPK RNAi or
Ubr5 RNAI (panels F, I)

HsFLP, Act>CD2>Gal4/Y; UAS-Ubrl RNAI (panel H)

eyFLP; Act > y >Gal4, UAS-GFP/UAS-EGFR“*; FRT82B, tub-Gal80/ FRT82B scrib or
(FRT82B, psidD4, scrib) (panels K, M, N)

eyFLP; Act >y >Gal4, UAS-GFP/ UAS-EGFR“*, UAS-psid (WT, SD, or SA); FRT82B,
tub-Gal80/ FRT82B, psidD4, scrib (panel L)

Supporting information

S1 Fig. Inactivation of rbf and NatB subunits induce loss of double mutant tissues and syn-
ergistic cell death. (A-]J) Adult eyes with single mutant clones of psidin alleles or double
mutant clones of psidin, rbf. Mutant clones were marked by the lack of red pigment. (K-P)
Large clones (white patches) of additional psidin alleles (K, M, and O) were observed when
mutant clones were generated in a Minute background. In contrast, rbf psidin double mutant
clones generated in the Minute background were mostly lost, resulting in smaller eyes (L, N
and P). (Q-S) Cell death level (caspase 3 staining) in third instar eye/antenna discs with single
or double RNAi of Rbf or NAA20. Genotype of flies used in S1 Fig: w, eyFLP /Y; FRT82B, Ubi-
GFP /FRT82B (panel A), rbf"***,w, eyFLP /Y; FRT82B, RBF-G3, Ubi-GFP/FRT82B (panel B),
w, eyFLP /Y; FRT82B, Ubi-GFP /FRT82B, psid (AE,EQ, psdin D1 or D4) (panels C, E, G, I),
rbf**,w, eyFLP /Y; FRT82B, RBF-G3, Ubi-GFP / FRT82B, psid (AE,EQ, psdin DI or D4)
(panels D, F, H, J), w, eyFLP/Y; FRT82B,Rps3", Ubi-GFP/FRT82B, psid (AB, EQ, or CJ) (panels
K, M, O), rbf'***,w, eyFLP/Y; FRT82B, RBF-G3, Rps3’, Ubi-GFP/ FRT82B, psid (AB, EQ, or
CJ) (panels L, N, P), eyFLP, Act>CD2>Gal4; UAS-Rbf RNAi / + or UAS-NAA20 RNAi
(panel R-S), eyFLP, Act>CD2>Gal4; UAS-NAA20 RNAI (panel Q).

(TIF)

S2 Fig. Inactivation of NatB subunits reduced EGFR signaling and slightly delayed neuro-
nal differentiation. (A-C’) Expression level of aos-lacZ was reduced in mutant clones of addi-
tional psidin alleles marked by the absence of GFP. (D-F’) NAA20 RNAi clones generated with
EyeFlp-CoinGal4 and marked by GFP expression were stained with pErk (D-D’), and neuro-
nal differentiation markers Elav (E and E’) and Senseless (F and F’). Genotype of flies used in
S2 Fig: w, eyFLP /Y; FRT82B, Ubi-GFP / aos-lacz, FRT82B, psdin (AE,EQ, psid DI1) (panels
A-C), eyFLP, UAS-Dcr2 / +; CoinFLP-Gal4-UAS-GFP; UAS-NAA20 RNAI (panels D-F).
(TIF)

S3 Fig. Effect of psid mutation on activated Ras and Raf-induced MAPK activation in eye
discs. (A-D) The effects of psid-D4 mutation on activated Ras (A-B) or activated Raf (C-D)
induced MAPK activation in eye discs were detected by pERK staining (red). Activated Ras-
induced pERK (white arrowhead in A) was much higher than the endogenous pERK observed
in the morphogenetic furrow (Yellow arrowhead in A). psid-D4 mutation significantly reduced
activated Ras-induced pERK (white arrowhead pointed in B), which was similar to the endoge-
nous pERK level in WT tissues (yellow arrow pointed in B). Activated Raf-induced pERK
(white arrow pointed in C) was not obviously affected by psid-D4 mutation (white arrow
pointed in D). Genotype of flies used in S3 Fig: HSFLP; Act >y >Gal4, UAS-GFP/UAS-Ras"'%;
FRT82B, tub-Gal80/ FRT82B or (FRT82B, psidD4) (panels A-B), eyFLP; Act >y >Gal4,
UAS-GFP/UAS-Raf®*;; FRT82B, tub-Gal80/ FRT82B or (FRT82B, psidD4) (panels C-D).

(TIF)

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008863 June 19, 2020 20/25


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008863.s001
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008863.s002
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008863.s003
https://doi.org/10.1371/journal.pgen.1008863

PLOS GENETICS

NatB regulates EGFR/MAPK signaling

$4 Fig. Knockdown NAA20 did not affect Drk mRNA level and Knockdown E3 ubiquitin
ligase Ubr1 did not restore Drk protein level in psid mutant clones. (A) mRNA levels from
eye antenna discs expressing LexA control RNAi or NAA20-RNAi were determined by
gRT-PCR. # indicates no significant statistical difference. (B) psid-DI MARCM clones in wing
discs, marked by GFP expression (pointed by arrowheads), showed decreased Drk level. (C)
Ubrl RNAI did not rescue the decreased Drk level in psid-D1 clones marked by GFP expres-
sion (pointed by arrowheads). Genotype of flies used in S4 Fig: eyFLP; Act >y >Gal4,
UAS-LexA-RNAi (or NAA20-RNAi) (panel A), HsFLP; Act > y >Gal4, UAS-GFP; FRT82B,
tub-Gal80/ FRT82B, psid D1 or (UAS-Ubr1 RNAi, FRT82B, psid DI1) (panels B-C).

(TIF)

S5 Fig. PP2AC mRNA level was not affected by knockdown NAA20 or Cnot4 and PP2AC
protein level was not affected by inactivation of E3 ubiquitin ligases CG1317/Teb4, Ubrl,
or Ubr5. (A) Genomic structure of a deletion allele of CG1317/Teb4 A6-1, generated from
imprecise excision of CG1317 P element (BL20646). DNA sequencing data revealed a 2078 bp
deletion, which starts from 14 bp upstream of CG1317. The numbers in the diagram indicate
the precise location of deletion in the fly genome. (B) CG1317/Teb4 A6-1 mutant clones
(pointed by white arrowhead) in eye disc, marked by lack of GFP, did not affect PP2AC levels.
(C) Quantitative RT-PCR results of RNA isolated from 3™ instar eye/antenna discs expressing
LexA control RNAi and NAA20 RNAJ, or from Cnot4 RNAi and control W RNAI expressing.
# indicates no significant difference was observed in PP2AC mRNA levels. (D-E) Clones of
cells (pointed by white arrowheads) with GFP and Ubr1 RNAi (D) or Ubr5 RNAi (E) expres-
sion did not affect PP2AC levels in eye discs. (F) CG1317/Teb4 A6-1 mutant clones (pointed
by white arrowhead) in eye disc, marked by lack of GFP, did not affect Drk levels. Genotype of
flies used in S5 Fig: w, eyFLP; Ubi-GFP, FRT80B/ Teb4, FRT80B (panel B, F), eyFLP; Act >y
>@Gal4, UAS-LexA-RNAi (or NAA20-RNAi, W-RNAi, Cnot4-RNAi) (panel C), HsFLP; tub-
Gal80, FRT40A/ FRT40A; Act > y >Gal4, UAS-GFP / UAS-Ubr5 RNAI (panel E), HsFLP,
Act>CD2>Gal4/Y; UAS-Ubrl RNAI (panel D).

(TIF)

S6 Fig. Effect of psid mutation on Sprouty protein level. Reduced levels of Spry were
observed in clones of cells expressing Spry RNAi (A, RNAI cells were labeled with GFP).
White and yellow arrowheads in (A) point to RNAi cells located in the posterior or the anterior
region of eye disc. Reduced levels of Spry were also observed in psid-D1 mutant clones (B,
white arrowhead. Mutant clones were marked by absence of GFP). (C-D) expression of HA
tagged Spry (shown in red) with GFP (shown in green) in control (C-C”) or psid mutant
(D-D”) MARCM clones. (E) Spry-HA levels normalized by GFP signal in FRT control or psid
mutant clones were shown. (F-G’) Images of wing discs with PTP-ER-RNAi flip-out clones
(shown in green, pointed by yellow arrowheads) stained by two PTP-ER monoclonal antibod-
ies (26E4C7 and 2D7F8). Genotype of flies used in S6 Fig: eyFLP, UAS-Dcr2 / +; CoinFLP-Ga-
14-UAS-GFP; UAS-Sprouty RNAI (panel A), HsFLP; FRT82B,Ubi-GFP / FRT82B, psid D1
(panel B), HsFLP; Act > y >Gal4, UAS-GFP / UAS-Spry; FRT82B, tub-Gal80/ FRT82B or
(FRT82B, psid D4) (panel C-D).

(TIF)

S7 Fig. Proposed model for the regulation of EGFR signaling by NatB Nt-acetylation and
the two branches of N-end rule pathways. (A) when NatB is inhibited or when Ac-CoA level
is low, most Drk, MAPK and PP2AC will not be Nt-acetylated, which results in the inhibition
of EGFR signaling due to the accumulation of PP2AC, a negative component of the pathway,
and the loss of Drk and MAPK, the positive components of the pathway. (B) When NatB
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activity is high or when Ac-CoA level is high, more Drk, MAPK, and PP2AC will be Nt-acety-
lated, which results in the higher levels of EGFR signaling due to the accumulation of acety-
lated Drk and MAPK and the loss of PP2AC.

(TIF)

Acknowledgments

We thank Tianyi Zhang, Xun Pei, Yang Liao, Zhenyu Zhang, Xuan Li and Jiehui Zhang from
the Du lab for assistance in rbf-dependent genetic screening and mapping, fly stock mainte-
nance, and plasmid construction. We would like to thank Drs. Efthimios Skoulakis, Denise
Montell, llona Grunwald Kadow, Hugo Bellen, Matthew Freeman and Mark Krasnow for pro-
viding fly stocks and antibodies. We thank the Bloomington Stock Center (NTH
P400D018537) for providing fly stocks and the Developmental Studies Hybridoma Bank
(DSHB, created by the NICHD of the NIH and maintained at The University of Iowa) for pro-
viding antibodies.

Author Contributions
Conceptualization: Wei Du.

Formal analysis: Zhentao Sheng, Wei Du.
Funding acquisition: Wei Du.

Investigation: Zhentao Sheng.

Methodology: Zhentao Sheng, Wei Du.

Project administration: Wei Du.

Resources: Wei Du.

Supervision: Wei Du.

Validation: Zhentao Sheng.

Writing - original draft: Zhentao Sheng, Wei Du.
Writing - review & editing: Zhentao Sheng, Wei Du.

References

1. Sherr CJ (1996) Cancer cell cycles. Science 274: 1672—1677. https://doi.org/10.1126/science.274.
5293.1672 PMID: 8939849

2. Sherr CJ, McCormick F (2002) The RB and p53 pathways in cancer. Cancer Cell 2: 103—112. https://
doi.org/10.1016/s1535-6108(02)00102-2 PMID: 12204530

3. RenB, CamH, TakahashiY, Volkert T, Terragni J, et al. (2002) E2F integrates cell cycle progression
with DNA repair, replication, and G(2)/M checkpoints. Genes Dev 16: 245-256. https://doi.org/10.
1101/gad.949802 PMID: 11799067

4. Dimova DK, Stevaux O, Frolov MV, Dyson NJ (2003) Cell cycle-dependent and cell cycle-independent
control of transcription by the Drosophila E2F/RB pathway. Genes Dev 17: 2308-2320. https://doi.org/
10.1101/gad.1116703 PMID: 12975318

5. Korenjak M, Taylor-Harding B, Binne UK, Satterlee JS, Stevaux O, et al. (2004) Native E2F/RBF com-
plexes contain Myb-interacting proteins and repress transcription of developmentally controlled E2F tar-
get genes. Cell 119: 181-193. https://doi.org/10.1016/j.cell.2004.09.034 PMID: 15479636

6. vanden Heuvel S, Dyson NJ (2008) Conserved functions of the pRB and E2F families. Nat Rev Mol
Cell Biol 9: 713-724. https://doi.org/10.1038/nrm2469 PMID: 18719710

7. DuW, Pogoriler J (2006) Retinoblastoma family genes. Oncogene 25: 5190-5200. https://doi.org/10.
1038/sj.onc.1209651 PMID: 16936737

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008863 June 19, 2020 22/25


https://doi.org/10.1126/science.274.5293.1672
https://doi.org/10.1126/science.274.5293.1672
http://www.ncbi.nlm.nih.gov/pubmed/8939849
https://doi.org/10.1016/s1535-6108(02)00102-2
https://doi.org/10.1016/s1535-6108(02)00102-2
http://www.ncbi.nlm.nih.gov/pubmed/12204530
https://doi.org/10.1101/gad.949802
https://doi.org/10.1101/gad.949802
http://www.ncbi.nlm.nih.gov/pubmed/11799067
https://doi.org/10.1101/gad.1116703
https://doi.org/10.1101/gad.1116703
http://www.ncbi.nlm.nih.gov/pubmed/12975318
https://doi.org/10.1016/j.cell.2004.09.034
http://www.ncbi.nlm.nih.gov/pubmed/15479636
https://doi.org/10.1038/nrm2469
http://www.ncbi.nlm.nih.gov/pubmed/18719710
https://doi.org/10.1038/sj.onc.1209651
https://doi.org/10.1038/sj.onc.1209651
http://www.ncbi.nlm.nih.gov/pubmed/16936737
https://doi.org/10.1371/journal.pgen.1008863

PLOS GENETICS

NatB regulates EGFR/MAPK signaling

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

Dick FA, Goodrich DW, Sage J, Dyson NJ (2018) Non-canonical functions of the RB protein in cancer.
Nat Rev Cancer 18: 442—451. https://doi.org/10.1038/s41568-018-0008-5 PMID: 29692417

Gordon GM, Du W (2011) Targeting Rb inactivation in cancers by synthetic lethality. Am J Cancer Res
1: 773-786. PMID: 21814623

Du W, Searle JS (2009) The rb pathway and cancer therapeutics. Curr Drug Targets 10: 581-589.
https://doi.org/10.2174/138945009788680392 PMID: 19601762

Du W, Vidal M, Xie JE, Dyson N (1996) RBF, a novel RB-related gene that regulates E2F activity and
interacts with cyclin E in Drosophila. Genes Dev 10: 1206—1218. https://doi.org/10.1101/gad.10.10.
1206 PMID: 8675008

Frolov MV, Huen DS, Stevaux O, Dimova D, Balczarek-Strang K| et al. (2001) Functional antagonism
between E2F family members. Genes Dev 15: 2146-2160. https://doi.org/10.1101/gad.903901 PMID:
11511545

Stevaux O, Dimova D, Frolov MV, Taylor-Harding B, Morris E, et al. (2002) Distinct mechanisms of E2F
regulation by Drosophila RBF1 and RBF2. Embo J 21: 4927—-4937. https://doi.org/10.1093/emboj/
cdf501 PMID: 12234932

Dynlacht BD, Brook A, Dembski M, Yenush L, Dyson N (1994) DNA-binding and trans-activation prop-
erties of Drosophila E2F and DP proteins. Proc Natl Acad Sci U S A 91: 6359—6363. https://doi.org/10.
1073/pnas.91.14.6359 PMID: 8022787

Du W (2000) Suppression of the rbf null mutants by a de2f1 allele that lacks transactivation domain.
Development 127: 367-379. PMID: 10603353

Moon NS, Di Stefano L, Dyson N (2006) A gradient of epidermal growth factor receptor signaling deter-
mines the sensitivity of rbf1 mutant cells to E2F-dependent apoptosis. Mol Cell Biol 26: 7601-7615.
https://doi.org/10.1128/MCB.00836-06 PMID: 16954388

Tanaka-Matakatsu M, Xu J, Cheng L, Du W (2009) Regulation of apoptosis of rbf mutant cells during
Drosophila development. Dev Biol 326: 347—-356. https://doi.org/10.1016/j.ydbio.2008.11.035 PMID:
19100727

Li B, Gordon GM, Du CH, Xu J, Du W (2010) Specific killing of Rb mutant cancer cells by inactivating
TSC2. Cancer Cell 17: 469—-480. https://doi.org/10.1016/j.ccr.2010.03.019 PMID: 20478529

Zhang T, Liao Y, Hsu FN, Zhang R, Searle JS, et al. (2014) Hyperactivated Wnt Signaling Induces Syn-
thetic Lethal Interaction with Rb Inactivation by Elevating TORC1 Activities. PLoS Genet 10:
e1004357. https://doi.org/10.1371/journal.pgen.1004357 PMID: 24809668

Gordon GM, Zhang T, Zhao J, Du W (2013) Deregulated G1-S control and energy stress contribute to
the synthetic-lethal interactions between inactivation of RB and TSC1 or TSC2. J Cell Sci 126: 2004—
2013. https://doi.org/10.1242/jcs.121301 PMID: 23447678

Ariss MM, Islam A, Critcher M, Zappia MP, Frolov MV (2018) Single cell RNA-sequencing identifies a
metabolic aspect of apoptosis in Rbf mutant. Nat Commun 9: 5024. https://doi.org/10.1038/s41467-
018-07540-z PMID: 30479347

Zhang T, Du W (2015) Groucho restricts rhomboid expression and couples EGFR activation with R8
selection during Drosophila photoreceptor differentiation. Dev Biol 407: 246—-255. https://doi.org/10.
1016/j.ydbio.2015.09.011 PMID: 26417727

Baker NE, Yu SY (2001) The EGF receptor defines domains of cell cycle progression and survival to
regulate cell number in the developing Drosophila eye. Cell 104: 699-708. https://doi.org/10.1016/
s0092-8674(01)00266-5 PMID: 11257224

Sheng Z, YuL, Zhang T, Pei X, Li X, et al. (2016) ESCRT-0 complex modulates Rbf-mutant cell survival
by regulating Rhomboid endosomal trafficking and EGFR signaling. J Cell Sci 129: 2075-2084. https://
doi.org/10.1242/jcs.182261 PMID: 27056762

Sukhanova MJ, Steele LJ, Zhang T, Gordon GM, Du W (2011) RBF and Rno promote photoreceptor dif-
ferentiation onset through modulating EGFR signaling in the Drosophila developing eye. Dev Biol 359:
190-198. https://doi.org/10.1016/j.ydbio.2011.08.018 PMID: 21920355

Bergmann A, Agapite J, McCall K, Steller H (1998) The Drosophila gene hid is a direct molecular target
of Ras-dependent survival signaling. Cell 95: 331-341. https://doi.org/10.1016/s0092-8674(00)81765-
1 PMID: 9814704

Moreno E, Basler K, Morata G (2002) Cells compete for decapentaplegic survival factor to prevent apo-
ptosis in Drosophila wing development. Nature 416: 755—759. https://doi.org/10.1038/416755a PMID:
11961558

Kim JH, Cho A, Yin H, Schafer DA, Mouneimne G, et al. (2011) Psidin, a conserved protein that regu-
lates protrusion dynamics and cell migration. Genes Dev 25: 730-741. https://doi.org/10.1101/gad.
2028611 PMID: 21406550

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008863 June 19, 2020 23/25


https://doi.org/10.1038/s41568-018-0008-5
http://www.ncbi.nlm.nih.gov/pubmed/29692417
http://www.ncbi.nlm.nih.gov/pubmed/21814623
https://doi.org/10.2174/138945009788680392
http://www.ncbi.nlm.nih.gov/pubmed/19601762
https://doi.org/10.1101/gad.10.10.1206
https://doi.org/10.1101/gad.10.10.1206
http://www.ncbi.nlm.nih.gov/pubmed/8675008
https://doi.org/10.1101/gad.903901
http://www.ncbi.nlm.nih.gov/pubmed/11511545
https://doi.org/10.1093/emboj/cdf501
https://doi.org/10.1093/emboj/cdf501
http://www.ncbi.nlm.nih.gov/pubmed/12234932
https://doi.org/10.1073/pnas.91.14.6359
https://doi.org/10.1073/pnas.91.14.6359
http://www.ncbi.nlm.nih.gov/pubmed/8022787
http://www.ncbi.nlm.nih.gov/pubmed/10603353
https://doi.org/10.1128/MCB.00836-06
http://www.ncbi.nlm.nih.gov/pubmed/16954388
https://doi.org/10.1016/j.ydbio.2008.11.035
http://www.ncbi.nlm.nih.gov/pubmed/19100727
https://doi.org/10.1016/j.ccr.2010.03.019
http://www.ncbi.nlm.nih.gov/pubmed/20478529
https://doi.org/10.1371/journal.pgen.1004357
http://www.ncbi.nlm.nih.gov/pubmed/24809668
https://doi.org/10.1242/jcs.121301
http://www.ncbi.nlm.nih.gov/pubmed/23447678
https://doi.org/10.1038/s41467-018-07540-z
https://doi.org/10.1038/s41467-018-07540-z
http://www.ncbi.nlm.nih.gov/pubmed/30479347
https://doi.org/10.1016/j.ydbio.2015.09.011
https://doi.org/10.1016/j.ydbio.2015.09.011
http://www.ncbi.nlm.nih.gov/pubmed/26417727
https://doi.org/10.1016/s0092-8674(01)00266-5
https://doi.org/10.1016/s0092-8674(01)00266-5
http://www.ncbi.nlm.nih.gov/pubmed/11257224
https://doi.org/10.1242/jcs.182261
https://doi.org/10.1242/jcs.182261
http://www.ncbi.nlm.nih.gov/pubmed/27056762
https://doi.org/10.1016/j.ydbio.2011.08.018
http://www.ncbi.nlm.nih.gov/pubmed/21920355
https://doi.org/10.1016/s0092-8674(00)81765-1
https://doi.org/10.1016/s0092-8674(00)81765-1
http://www.ncbi.nlm.nih.gov/pubmed/9814704
https://doi.org/10.1038/416755a
http://www.ncbi.nlm.nih.gov/pubmed/11961558
https://doi.org/10.1101/gad.2028611
https://doi.org/10.1101/gad.2028611
http://www.ncbi.nlm.nih.gov/pubmed/21406550
https://doi.org/10.1371/journal.pgen.1008863

PLOS GENETICS

NatB regulates EGFR/MAPK signaling

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

Stephan D, Sanchez-Soriano N, Loschek LF, Gerhards R, Gutmann S, et al. (2012) Drosophila Psidin
regulates olfactory neuron number and axon targeting through two distinct molecular mechanisms. J
Neurosci 32: 16080—16094. https://doi.org/10.1523/JNEUROSCI.3116-12.2012 PMID: 23152593

Lee KE, Heo JE, Kim JM, Hwang CS (2016) N-Terminal Acetylation-Targeted N-End Rule Proteolytic
System: The Ac/N-End Rule Pathway. Mol Cells 39: 169-178. https://doi.org/10.14348/molcells.2016.
2329 PMID: 26883906

Dominguez M, Wasserman JD, Freeman M (1998) Multiple functions of the EGF receptor in Drosophila
eye development. Curr Biol 8: 1039—-1048. https://doi.org/10.1016/s0960-9822(98)70441-5 PMID:
9768358

Trost M, English L, Lemieux S, Courcelles M, Desjardins M, et al. (2009) The phagosomal proteome in
interferon-gamma-activated macrophages. Immunity 30: 143—154. https://doi.org/10.1016/j.immuni.
2008.11.006 PMID: 19144319

Tio M, Moses K (1997) The Drosophila TGF alpha homolog Spitz acts in photoreceptor recruitment in
the developing retina. Development 124: 343-351. PMID: 9053310

Starheim KK, Gevaert K, Arnesen T (2012) Protein N-terminal acetyltransferases: when the start mat-
ters. Trends Biochem Sci 37: 152—-161. https://doi.org/10.1016/}.tibs.2012.02.003 PMID: 22405572

Ree R, Varland S, Arnesen T (2018) Spotlight on protein N-terminal acetylation. Exp Mol Med 50: 90.

Moressis A, Friedrich AR, Pavlopoulos E, Davis RL, Skoulakis EM (2009) A dual role for the adaptor
protein DRK in Drosophila olfactory learning and memory. J Neurosci 29: 2611-2625. https://doi.org/
10.1523/JNEUROSCI.3670-08.2009 PMID: 19244537

Tasaki T, Sriram SM, Park KS, Kwon YT (2012) The N-end rule pathway. Annu Rev Biochem 81: 261—
289. https://doi.org/10.1146/annurev-biochem-051710-093308 PMID: 22524314

Varshavsky A (2011) The N-end rule pathway and regulation by proteolysis. Protein Sci 20: 1298—
1345. https://doi.org/10.1002/pro.666 PMID: 21633985

Choi WS, Jeong BC, Joo YJ, Lee MR, Kim J, et al. (2010) Structural basis for the recognition of N-end
rule substrates by the UBR box of ubiquitin ligases. Nat Struct Mol Biol 17: 1175—1181. https://doi.org/
10.1038/nsmb.1907 PMID: 20835240

Wassarman DA, Solomon NM, Chang HC, Karim FD, Therrien M, et al. (1996) Protein phosphatase 2A
positively and negatively regulates Ras1-mediated photoreceptor development in Drosophila. Genes
Dev 10: 272-278. https://doi.org/10.1101/gad.10.3.272 PMID: 8595878

Silverstein AM, Barrow CA, Davis AJ, Mumby MC (2002) Actions of PP2A on the MAP kinase pathway
and apoptosis are mediated by distinct regulatory subunits. Proc Natl Acad Sci U S A 99: 4221-4226.
https://doi.org/10.1073/pnas.072071699 PMID: 11904383

Gergs U, Boknik P, Buchwalow I, Fabritz L, Matus M, et al. (2004) Overexpression of the catalytic sub-
unit of protein phosphatase 2A impairs cardiac function. J Biol Chem 279: 40827—40834. https://doi.
org/10.1074/jbc.M405770200 PMID: 15247211

Park SE, Kim JM, Seok OH, Cho H, Wadas B, et al. (2015) Control of mammalian G protein signaling
by N-terminal acetylation and the N-end rule pathway. Science 347: 1249-1252. https://doi.org/10.
1126/science.aaa3844 PMID: 25766235

Ashton-Beaucage D, Lemieux C, Udell CM, Sahmi M, Rochette S, et al. (2016) The Deubiquitinase
USP47 Stabilizes MAPK by Counteracting the Function of the N-end Rule ligase POE/UBR4 in Dro-
sophila. PLoS Biol 14: €1002539. https://doi.org/10.1371/journal.pbio.1002539 PMID: 27552662

Hacohen N, Kramer S, Sutherland D, Hiromi Y, Krasnow MA (1998) sprouty encodes a novel antagonist
of FGF signaling that patterns apical branching of the Drosophila airways. Cell 92: 253—-263. https://doi.
org/10.1016/s0092-8674(00)80919-8 PMID: 9458049

Casci T, Vinos J, Freeman M (1999) Sprouty, an intracellular inhibitor of Ras signaling. Cell 96: 655—
665. https://doi.org/10.1016/s0092-8674(00)80576-0 PMID: 10089881

Karim FD, Rubin GM (1999) PTP-ER, a novel tyrosine phosphatase, functions downstream of Ras1 to
downregulate MAP kinase during Drosophila eye development. Mol Cell 3: 741-750. https://doi.org/10.
1016/s1097-2765(01)80006-x PMID: 10394362

Roskoski R Jr. (2014) The ErbB/HER family of protein-tyrosine kinases and cancer. Pharmacol Res
79: 34—74. https://doi.org/10.1016/j.phrs.2013.11.002 PMID: 24269963

Brumby AM, Richardson HE (2003) scribble mutants cooperate with oncogenic Ras or Notch to cause
neoplastic overgrowth in Drosophila. Embo J 22: 5769-5779. https://doi.org/10.1093/emboj/cdg548
PMID: 14592975

Wu M, Pastor-Pareja JC, Xu T (2010) Interaction between Ras(V12) and scribbled clones induces
tumour growth and invasion. Nature 463: 545-548. https://doi.org/10.1038/nature08702 PMID:
20072127

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008863 June 19, 2020 24/25


https://doi.org/10.1523/JNEUROSCI.3116-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/23152593
https://doi.org/10.14348/molcells.2016.2329
https://doi.org/10.14348/molcells.2016.2329
http://www.ncbi.nlm.nih.gov/pubmed/26883906
https://doi.org/10.1016/s0960-9822(98)70441-5
http://www.ncbi.nlm.nih.gov/pubmed/9768358
https://doi.org/10.1016/j.immuni.2008.11.006
https://doi.org/10.1016/j.immuni.2008.11.006
http://www.ncbi.nlm.nih.gov/pubmed/19144319
http://www.ncbi.nlm.nih.gov/pubmed/9053310
https://doi.org/10.1016/j.tibs.2012.02.003
http://www.ncbi.nlm.nih.gov/pubmed/22405572
https://doi.org/10.1523/JNEUROSCI.3670-08.2009
https://doi.org/10.1523/JNEUROSCI.3670-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19244537
https://doi.org/10.1146/annurev-biochem-051710-093308
http://www.ncbi.nlm.nih.gov/pubmed/22524314
https://doi.org/10.1002/pro.666
http://www.ncbi.nlm.nih.gov/pubmed/21633985
https://doi.org/10.1038/nsmb.1907
https://doi.org/10.1038/nsmb.1907
http://www.ncbi.nlm.nih.gov/pubmed/20835240
https://doi.org/10.1101/gad.10.3.272
http://www.ncbi.nlm.nih.gov/pubmed/8595878
https://doi.org/10.1073/pnas.072071699
http://www.ncbi.nlm.nih.gov/pubmed/11904383
https://doi.org/10.1074/jbc.M405770200
https://doi.org/10.1074/jbc.M405770200
http://www.ncbi.nlm.nih.gov/pubmed/15247211
https://doi.org/10.1126/science.aaa3844
https://doi.org/10.1126/science.aaa3844
http://www.ncbi.nlm.nih.gov/pubmed/25766235
https://doi.org/10.1371/journal.pbio.1002539
http://www.ncbi.nlm.nih.gov/pubmed/27552662
https://doi.org/10.1016/s0092-8674(00)80919-8
https://doi.org/10.1016/s0092-8674(00)80919-8
http://www.ncbi.nlm.nih.gov/pubmed/9458049
https://doi.org/10.1016/s0092-8674(00)80576-0
http://www.ncbi.nlm.nih.gov/pubmed/10089881
https://doi.org/10.1016/s1097-2765(01)80006-x
https://doi.org/10.1016/s1097-2765(01)80006-x
http://www.ncbi.nlm.nih.gov/pubmed/10394362
https://doi.org/10.1016/j.phrs.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24269963
https://doi.org/10.1093/emboj/cdg548
http://www.ncbi.nlm.nih.gov/pubmed/14592975
https://doi.org/10.1038/nature08702
http://www.ncbi.nlm.nih.gov/pubmed/20072127
https://doi.org/10.1371/journal.pgen.1008863

PLOS GENETICS

NatB regulates EGFR/MAPK signaling

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Stickel S, Su TT (2014) Oncogenic mutations produce similar phenotypes in Drosophila tissues of
diverse origins. Biol Open 3: 201-209. https://doi.org/10.1242/bio.20147161 PMID: 24570398

Pietrocola F, Galluzzi L, Bravo-San Pedro JM, Madeo F, Kroemer G (2015) Acetyl coenzyme A: a cen-
tral metabolite and second messenger. Cell Metab 21: 805-821. https://doi.org/10.1016/j.cmet.2015.
05.014 PMID: 26039447

Lee JV, Carrer A, Shah S, Snyder NW, Wei S, et al. (2014) Akt-dependent metabolic reprogramming
regulates tumor cell histone acetylation. Cell Metab 20: 306—319. https://doi.org/10.1016/j.cmet.2014.
06.004 PMID: 24998913

Yi CH, Pan H, Seebacher J, Jang IH, Hyberts SG, et al. (2011) Metabolic regulation of protein N-alpha-
acetylation by Bcl-xL promotes cell survival. Cell 146: 607—620. https://doi.org/10.1016/j.cell.2011.06.
050 PMID: 21854985

Hong H, CaiY, Zhang S, Ding H, Wang H, et al. (2017) Molecular Basis of Substrate Specific Acetyla-
tion by N-Terminal Acetyltransferase NatB. Structure 25: 641-649 e643. https://doi.org/10.1016/j.str.
2017.03.003 PMID: 28380339

Neri L, Lasa M, Elosegui-Artola A, D’Avola D, Carte B, et al. (2017) NatB-mediated protein N-alpha-ter-
minal acetylation is a potential therapeutic target in hepatocellular carcinoma. Oncotarget 8: 40967—
40981. https://doi.org/10.18632/oncotarget. 17332 PMID: 28498797

Yarden Y, Pines G (2012) The ERBB network: at last, cancer therapy meets systems biology. Nat Rev
Cancer 12: 553-563. https://doi.org/10.1038/nrc3309 PMID: 22785351

Uhlen M, Bjorling E, Agaton C, Szigyarto CA, Amini B, et al. (2005) A human protein atlas for normal
and cancer tissues based on antibody proteomics. Mol Cell Proteomics 4: 1920—1932. https://doi.org/
10.1074/mcp.M500279-MCP200 PMID: 16127175

Pylayeva-Gupta Y, Grabocka E, Bar-Sagi D (2011) RAS oncogenes: weaving a tumorigenic web. Nat
Rev Cancer 11:761-774. https://doi.org/10.1038/nrc3106 PMID: 21993244

Lavoie H, Therrien M (2015) Regulation of RAF protein kinases in ERK signalling. Nat Rev Mol Cell Biol
16: 281-298. https://doi.org/10.1038/nrm3979 PMID: 25907612

Xu T, Rubin GM (1993) Analysis of genetic mosaics in developing and adult Drosophila tissues. Devel-
opment 117: 1223-1237. PMID: 8404527

Lee T, Luo L (2001) Mosaic analysis with a repressible cell marker (MARCM) for Drosophila neural
development. Trends Neurosci 24: 251-254. https://doi.org/10.1016/s0166-2236(00)01791-4 PMID:
11311363

Brand AH, Perrimon N (1993) Targeted gene expression as a means of altering cell fates and generat-
ing dominant phenotypes. Development 118: 401-415. PMID: 8223268

Bosch JA, Tran NH, Hariharan IK (2015) CoinFLP: a system for efficient mosaic screening and for visu-
alizing clonal boundaries in Drosophila. Development 142: 597—606. https://doi.org/10.1242/dev.
114603 PMID: 25605786

Ni JQ, Markstein M, Binari R, Pfeiffer B, Liu LP, et al. (2008) Vector and parameters for targeted trans-
genic RNA interference in Drosophila melanogaster. Nat Methods 5: 49-51. https://doi.org/10.1038/
nmeth1146 PMID: 18084299

Liao Y, DuW (2018) An Rb family-independent E2F3 transcription factor variant impairs STAT5 signal-
ing and mammary gland remodeling during pregnancy in mice. J Biol Chem 293: 3156-3167. https:/
doi.org/10.1074/jbc.RA117.000583 PMID: 29330306

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008863 June 19, 2020 25/25


https://doi.org/10.1242/bio.20147161
http://www.ncbi.nlm.nih.gov/pubmed/24570398
https://doi.org/10.1016/j.cmet.2015.05.014
https://doi.org/10.1016/j.cmet.2015.05.014
http://www.ncbi.nlm.nih.gov/pubmed/26039447
https://doi.org/10.1016/j.cmet.2014.06.004
https://doi.org/10.1016/j.cmet.2014.06.004
http://www.ncbi.nlm.nih.gov/pubmed/24998913
https://doi.org/10.1016/j.cell.2011.06.050
https://doi.org/10.1016/j.cell.2011.06.050
http://www.ncbi.nlm.nih.gov/pubmed/21854985
https://doi.org/10.1016/j.str.2017.03.003
https://doi.org/10.1016/j.str.2017.03.003
http://www.ncbi.nlm.nih.gov/pubmed/28380339
https://doi.org/10.18632/oncotarget.17332
http://www.ncbi.nlm.nih.gov/pubmed/28498797
https://doi.org/10.1038/nrc3309
http://www.ncbi.nlm.nih.gov/pubmed/22785351
https://doi.org/10.1074/mcp.M500279-MCP200
https://doi.org/10.1074/mcp.M500279-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/16127175
https://doi.org/10.1038/nrc3106
http://www.ncbi.nlm.nih.gov/pubmed/21993244
https://doi.org/10.1038/nrm3979
http://www.ncbi.nlm.nih.gov/pubmed/25907612
http://www.ncbi.nlm.nih.gov/pubmed/8404527
https://doi.org/10.1016/s0166-2236(00)01791-4
http://www.ncbi.nlm.nih.gov/pubmed/11311363
http://www.ncbi.nlm.nih.gov/pubmed/8223268
https://doi.org/10.1242/dev.114603
https://doi.org/10.1242/dev.114603
http://www.ncbi.nlm.nih.gov/pubmed/25605786
https://doi.org/10.1038/nmeth1146
https://doi.org/10.1038/nmeth1146
http://www.ncbi.nlm.nih.gov/pubmed/18084299
https://doi.org/10.1074/jbc.RA117.000583
https://doi.org/10.1074/jbc.RA117.000583
http://www.ncbi.nlm.nih.gov/pubmed/29330306
https://doi.org/10.1371/journal.pgen.1008863

