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Translationally controlled tumor protein (TCTP) is a highly con-
served protein functioning in multiple cellular processes, ranging
from growth to immune responses. To explore the role of TCTP in
tissue maintenance and regeneration, we employed the adult Dro-
sophila midgut, where multiple signaling pathways interact to
precisely regulate stem cell division for tissue homeostasis. Tctp
levels were significantly increased in stem cells and enteroblasts
upon tissue damage or activation of the Hippo pathway that pro-
motes regeneration of intestinal epithelium. Stem cells with reduced
Tctp levels failed to proliferate during normal tissue homeostasis
and regeneration. Mechanistically, Tctp forms a complex with mul-
tiple proteins involved in translation and genetically interacts with
ribosomal subunits. In addition, Tctp increases both Akt1 protein
abundance and phosphorylation in vivo. Altogether, Tctp regulates
stem cell proliferation by interacting with key growth regulatory
signaling pathways and the translation process in vivo.
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Translationally controlled tumor protein (TCTP, also known
as TPT1) was originally discovered as a protein that was
rapidly translated upon serum stimulation in mouse NIH 3T3
and sarcoma ascites cells (1, 2). Subsequently, TCTP has been
characterized in a wide range of eukaryotes, including mammals,
insects, and plants, and has been linked to multiple biological
processes, ranging from growth control to immune response (3—
10). Importantly, the role of TCTP in growth control is con-
served in many eukaryotes. In Arabidopsis, loss of TCTP leads to
growth retardation and reduced root growth (9). In Drosophila,
knockdown of Tctp in imaginal discs decreases eye and wing sizes
(7, 9). In addition, TCTP has been shown to be important for
viability and proliferation of mammalian cells (7-9). Inter-
estingly, previous studies have proposed that Drosophila Tctp
functions as a guanine nucleotide exchange factor of Drosophila
Ras homolog enriched in brain (dRheb) that controls the activity
of the conserved growth regulator mechanistic target of rapamycin
(mTOR) (7, 11). However, whether mammalian Tctp also
regulates Rheb activity is unclear (12-14). Other studies have
suggested that TCTP functions as a guanine nucleotide disso-
ciation inhibitor of the translation elongation factor eEF1A,
which can affect growth by affecting protein synthesis (15, 16).
Given the importance of TCTP in growth control, crosstalk
between TCTP and other signaling pathways is expected to be
important for precise control of growth. Although crosstalk
between TCTP and a few growth regulatory signaling pathways,
including the Protein Kinase B (also known as AKT) signaling
pathway and the Extracellular signaling-regulated kinase (ERK)
signaling pathway, has been described in tissue culture cells (17),
how such signaling crosstalk impinges on in vivo tissue growth
control has not been characterized.

In animals, the Hippo (Hpo) signaling pathway controls organ
growth by regulating cell proliferation and survival (18-22). In
Drosophila, signaling from 2 protocadherins, Fat and Dachsous,
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is transduced via the core kinases, Hpo and Warts. Warts directly
phosphorylates the Drosophila ortholog of Yes-associated pro-
tein 1 (Yapl), Yorkie (Yki), which is a transcription factor that
activates genes controlling proliferation and survival. Further-
more, the Drosophila ortholog of Neurofibromatosis type 2,
Merlin, and the Drosophila ortholog of kidney and brain expressed
protein (KIBRA) form a protein complex that can function up-
stream of Hpo and Warts (23-25). Crosstalk between the Hippo
pathway and the IGF/insulin pathway has been described in
Drosophila and mammalian cells (26-28). Aktl protein is up-
regulated in mosaic clones with decreased Hpo signaling or in-
creased Yki expression (26). In addition, Drosophila midgut tu-
mors induced by activation of Yki in intestinal stem cells (ISCs)
cause an increase in Aktl protein expression and phosphorylation,
presumably because of a systematic increase in expression of
multiple IGF/insulin signaling pathway components, including
Drosophila insulin-like peptide 3 (dilp3), insulin-like receptor (InR),
and AktI, in the midgut (29). Considering the conserved role of
TCTP in growth control, interaction between the Hpo pathway and
TCTP is likely. Nevertheless, such signaling crosstalk between TCTP
and the Hpo signaling pathway has not been reported.

Stem cells play a critical role in tissue growth during normal
homeostasis and tissue regeneration (30). In the adult Drosophila
midgut epithelium, ISCs undergo cell division to generate themselves
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and 2 other cell types, enteroblasts (EBs) and preenteroendocrine
cells (pre-EEs) (31-33). Subsequently, EBs and pre-EEs differentiate
into enterocytes (ECs) and EEs, respectively (31-33). Thus, di-
vision of ISCs is critical for maintenance of midgut epithelium
and regrowth of damaged midgut epithelium. Although TCTP is
a conserved regulator of growth, the role of TCTP in stem cells is
poorly understood. In this study, we demonstrate that TCTP
is required for ISC proliferation and characterize its crosstalk
with other growth regulatory signaling pathways, the AKT and
Hpo signaling pathways, that control ISC proliferation during
normal homeostasis and tissue regeneration.

Results

Tctp Is Expressed in the Midgut and Maintains Stem and Progenitor
Cells. In Drosophila, the roles of Tctp have been studied mainly in
imaginal discs and other developing tissues. Although ISCs play
crucial roles in controlling midgut size during normal homeo-
stasis and tissue regeneration (30, 34-37), the function of Tctp in
ISCs has not been addressed. To investigate its role in ISCs, we
first tested whether Tctp was expressed in the adult midgut by
staining with an antibody specifically recognizing Drosophila
Tctp (7). Previously, it was shown that Tctp was ubiquitously
expressed in Drosophila wing imaginal discs (7). Similarly, Tctp is
expressed throughout the midgut, and enriched in the cytoplasm
of all cell types in the midgut (Fig. 14). Knockdown of Tctp by
expressing a dsRNA targeting Tctp (7) with esg-GAL4, UAS-GFP,
tub-GALS(', (referred to as esg” hereafter; esg>UAS-Tctpi) re-
duced Tctp specifically in ISCs and EBs, while overexpression of
Tctp (esg>UAS-Tctp) significantly increased Tctp level (SI Ap-
pendix, Fig. S1 A and B). Interestingly, Tctp knockdown with
esg” resulted in a reduction in ISCs and EBs, while Tctp over-
expression had the opposite effects (Fig. 1 B and C). Furthermore,
Tctp is important for maintaining ISCs, since knockdown or
overexpression of Tctp decreased or increased the number of cells
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expressing Delta (Dl), a marker of ISCs (Fig. 1 B and D). To
confirm these observations, we used a DI-LacZ line, an enhancer
trap line that expresses LacZ under the control of the DI pro-
motor. Knockdown of Tctp using UAS-Tectpi significantly reduced
the cells expressing LacZ (SI Appendix, Fig. S1C). Conversely,
overexpression of Tctp increased the number of cells expressing
LacZ (SI Appendix, Fig. S1C). Notably, inhibition of apoptosis by
expressing p35 failed to rescue the reduction in ISCs caused by
Tctp knockdown (SI Appendix, Fig. S2), indicating that an increase
in apoptosis might not account for the phenotype caused by Tctp
knockdown. Altogether, these results suggest that Tctp plays an
important role in maintenance and growth of ISCs during normal
homeostasis in the adult Drosophila midgut.

Tctp Is Required for Tissue Damage-Induced ISC Proliferation. Feeding
pathogenic bacteria or administration of bleomycin or dextran
sulfate sodium (DSS) cause damage to the midgut epithelium,
which leads to proliferation of ISCs to replenish the cells lost
during tissue damage (30). Indeed, feeding bleomycin signifi-
cantly increased ISCs and EBs, which were marked with GFP
expressed by esg” (Fig. 24). Importantly, Tctp protein levels were
significantly increased in ISCs and EBs after feeding bleomycin
(Fig. 2 4 and B), raising the possibility that Tctp might play a role
in regeneration of the midgut epithelium in Drosophila. Thus, we
examined whether manipulation of Tctp levels could alter pro-
liferation of ISCs upon tissue damage. We found that knock-
down of Tctp significantly reduced ISC division during normal
homeostasis (Fig. 2 C-F). In contrast, ectopic expression of Tctp
had little effect on homeostatic ISC division, since we found that
the number of cells stained with anti-phospho-histone H3 antibody
were not significantly altered by overexpression of Tctp with esg”
(Fig. 2 D and F). These results suggest that a decrease in cell division
contributes to the reduction in ISCs and EBs by knockdown of Tctp
(Fig. 1 C and D). Feeding bleomycin significantly increased the
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Fig. 1. Tctp is required for maintaining ISCs during tissue homeostasis. (A) Tctp staining in the adult Drosophila midgut. ISCs and EBs were marked with esg®™
(esg-GAL4, UAS-GFP, Tub-GALS80®) by incubating flies at 29 °C for 5 d. (Scale bar: 20 um.) (B-D) Tctp knockdown reduces intestinal stem cell number. (B)
Midgut images. Transgenes and GFP are induced by esg®™. Two Tctp RNAI lines, UAS-Tctpi and HMS00701, were used. ISCs are marked by staining DI. (Scale
bar: 50 pm.) (C) Number of GFP-expressing cells in midguts. Number of ISCs and EBs in an area of interest (300 x 300 pixelz) were counted. (D) Number of I1SCs
in midguts. Number of Dl-expressing cells in an area of interest (300 x 300 pixel?) were counted. Mean =+ SDs are shown. *P < 0.05 (Student t test) compared

with control.

26592 | www.pnas.org/cgi/doi/10.1073/pnas.1910850116

Kwon et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910850116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910850116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910850116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910850116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910850116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1910850116

Downloaded at Harvard Library on April 15, 2020

Untreated >

Bleomycin

Relative TCTP signal intensity
0 0204060810121416
1 1 1 1 1 1 1 J

Untreated
Bleomycin *

C D phospho-H3(+) nucleus/gut
- 0 20 40 60 80 100 120 140
o v o P o) S Y e S
3 8 Control
= § UAS-Tetpi | «
5| UAS-Tetp
< 5 Control
(&) >
E € | UAS-Tetpi | *
o
9 2 | UAS-Tetp
2 o

m

Control HMS00701 UAS-Tcetp

B

= o Control

£ *% UAS-Totpi

5 £ |HMs00701
S| uAS-Tep

3 8 Control

3 8| UAS-Totpi

= £ | Hms00701

(] (v}

a s | UAS-Tetp

F phospho-H3(+) nucleus/gut
0 20 40 60 80 100 120 140

Fig. 2. Tctp is required for ISC proliferation during tissue homeostasis and damage. (A) Tctp staining in normal and damaged midguts. egs®/* flies were fed

on normal food and bleomycin-treated food at 29 °C. Midguts were dissected, and Tctp levels were compared by immunostaining. Maximum projections of 4
to 5 stacks covering an epithelial layer are presented. (Scale bar: 20 pm.) (B) Relative Tctp protein levels. Similar levels of background Tctp signal were detected
in every cell type in control midguts. Therefore, Tctp signal intensity in GFP+ cells were measured and then normalized to Tctp signal intensity in nearby ECs.
We acquired 10 measurements from a posterior midgut and then calculated an average. Three midgut images for each condition were used for quantifi-
cation. Mean + SDs are shown. *P < 0.05 (Student t test) compared with untreated. (C) Midgut images with or without bleomycin feeding. GFP marks ISCs and
EBs. UAS-Tctpi (7) is a RNAI line targeting Tctp. (Scale bar: 50 pm.) (D) Quantification of phospho-histone H3 signals in midgut with or without bleomycin
feeding. Mean =+ SDs are shown. *P < 0.05 (Student t test) compared with control. (E) Midgut images with or without P. entomophila feeding. HMS00701 is a
short hairpin RNAI line targeting Tctp. (Scale bar: 50 um.) (F) Quantification of phospho-histone H3 signals in midgut. Mean + SDs are shown. *P < 0.05

(Student t test) compared with control.

number of dividing cells in control midguts (Fig. 2 C and D). In
contrast, ISCs with reduced amounts of Tctp failed to proliferate in
response to tissue damage induced by feeding bleomycin (Fig. 2 C
and D). Furthermore, ingestion of pathogenic bacteria, Pseudomonas
entomophila, significantly increased ISC division in control individuals
and the midguts with Tctp overexpression, while knockdown of Tctp
almost abolished ISC proliferation induced by P. entomophila
ingestion (Fig. 2 E and F). Altogether, these results show that
Tctp plays a crucial role in ISC proliferation during normal
homeostasis and tissue damage.

The Hippo Signaling Pathway Controls the Abundance of Tctp in ISCs.
In Drosophila, intestinal tissue regeneration involves multiple sig-
naling pathways, including JAK/STAT, insulin/IGF, EGFR/Ras/
Mapk, and Hippo signaling pathways (30, 37-42). To understand
how Tctp protein abundance is controlled in ISCs and EBs during
tissue regeneration, we examined whether activation of the sig-
naling pathways involved in tissue regeneration alter Tctp protein
levels in ISCs and EBs. Activation of the insulin receptor gene
(InR) increases Aktl signaling as well as mTOR signaling. In
human HelLa and HT29 colon cancer cells, Akt and mTOR have
been shown to be involved in the regulation of TCTP protein
abundance without affecting 7CTP mRNA levels (43). Expression
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of myristoylated-Akt1 with esg” caused a marginal increase in Tctp
protein levels, while expression of an active form of the Insulin-like
receptor, InR*“", failed to increase Tctp proteins in ISCs and EBs
(SI Appendix, Fig. S34). Similarly, activation of mTOR, by over-
expression of Rheb, did not alter Tctp protein abundance (S/
Appendix, Fig. S3B). In addition, neither expression of an onco-
genic Ras allele, Ras"*?, nor activation of JAK/STAT signalin; by
expression of a constitutively active form of hopscotch, hop™*™
significantly altered Tctp protein abundance in ISCs and EBs (S/
Appendix, Fig. S3 C and D). Strikingly, however, manipulation of
Hpo signaling in ISCs and EBs greatly altered Tctp protein levels.
Either expression of an active yki allele (yki*>!) or knockdown of
the upstream kinase hpo dramatically increased Tctp protein
levels (Fig. 34). The Hpo signaling pathway controls organ growth
and tumor formation in many animals (18, 19, 21, 44-47). The
human ortholog of yki, yap! is an oncogene that is amplified and/or
activated in many types of cancers (47). Since we observed that
Tctp protein levels were elevated by activation of Yki, we tested
whether Tcp was required for cell overproliferation induced by Yki
activation in the Drosophila midgut. Knockdown of Tczp completely
suppressed cell proliferation induced by expression of yki*$“!
(Fig. 3B), indicating that Tctp is essential for Yki-induced cell
overproliferation. Notably, we found that 7czp mRNA levels were

PNAS | December 26,2019 | vol. 116 | no.52 | 26593

CELL BIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910850116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910850116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910850116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910850116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910850116/-/DCSupplemental

Downloaded at Harvard Library on April 15, 2020

A

Control

UAS-ykiPSA

B

UAS-yki?"

UAS-yki*S*/ HMS00701

Fig.3. Yorkie activation increases Tctp protein levels in ISCs. (A) Tctp staining in midguts. Transgenes were induced for 3 d with esg™ by shifting to 29 °C. Tctp
was stained with anti-Tctp antibody (7). (B) Midgut images. Transgenes were expressed for 6 d using esg® by shifting to 29 °C.

unaltered by activation of Yki signaling (SI Appendix, Fig. S4),
suggesting that the regulation of Tctp protein abundance by Yki
involves a posttranscriptional mechanism. Interestingly, previous
studies have shown that TCTP protein expression was regulated
posttranscriptionally (1, 2). Serum stimulation rapidly increased
TCTP mRNA translation and protein abundance (1). Altogether,
our findings indicate that the Hpo signaling pathway plays a
critical role in controlling the abundance of Tctp protein in the
Drosophila midgut.

Tctp Overexpression Does Not Induce Phosphorylation of 4E-BP in the
Intestine. A previous study suggested that Tctp modulates mTOR
activity by functioning as a guanine nucleotide exchange factor
for Rheb in Drosophila wing imaginal discs (7). If Rheb is a direct
effector of Tctp, Tctp overexpression may recapitulate the phe-
notypes caused by Rheb overexpression. Rheb overexpression in
ISCs and EBs caused a significant increase in cell size, while cell
numbers were not altered (Fig. 4), which is consistent with the
proposed function of Drosophila mTOR in regulation of cell
growth (48-50). In contrast, overexpression of Tctp caused an
increase in cell number and a marginal increase in cell size (Fig. 4).
mTOR directly phosphorylates 4E-BP, a negative regulator of
translation. Overexpression of Rheb increased phosphorylation of
4E-BP in ISCs and EBs, while Tctp overexpression failed to in-
crease phosphorylation of 4E-BP (Fig. 4). These results suggest
that Rheb may not be the direct effector of Tctp in ISCs and EBs
in the Drosophila midgut.

esg’/+

esg'/ UAS-Rheb

Tctp Forms a Complex with Translation Elongation Factors and Genetically
Interacts with Genes Involved in Translation. Previous studies have
shown that human TCTP forms a complex with eukaryotic elon-
gation factors and inhibits guanine nucleotide dissociation from
eEF1A (15, 51). To elucidate potential interactions between
Tctp and the translational machinery, we systematically identified
Tctp-interacting proteins by affinity purification coupled with
mass spectrometry (SI Appendix, Table S1) (52). We found that
Eflalpha48D, Eflgamma, and Eflbeta are enriched in Tctp pull-
down samples compared with control pull-down samples; the
peptides corresponding to the elongation factors were detected
to be 3 to 378 times more enriched in Tctp pull-down samples
(Fig. 5A4). Systematic analysis of the Tctp-interactome uncovered
a number of proteins in ribosomes and translation elongation
complexes (Fig. 5B), suggesting that Tctp might be involved in
regulation of translation. To examine the general impact of Tctp
on translation, we analyzed the size of the nucleolus as it is in-
volved in ribosome biogenesis. ECs are generally larger than
ISCs and EBs; thus, their nucleoli also appear bigger than the
nucleoli of ISCs and EBs. We selectively manipulated ISCs
and EBs by overexpressing Tctp with esg”. Notably, Tctp over-
expression with esg” caused an increase in the nucleolus size in
ISCs and EBs (Fig. 5C, arrows), while the size of the nucleoli of
ECs remained unaltered. Furthermore, Tctp overexpression
significantly increased incorporation of L-homopropagylrglycine
(HPG) (Fig. 5D), indicating that Tctp overexpression increased
general translation in ISCs and EBs. As Tctp protein levels were

esgs/ UAS-Tetp

Fig. 4. Tctp overexpression does not recapitulate the phenotypes caused by Rheb overexpression. Transgenes were induced with esg® for 5 d at 29 °C.

Midguts were dissected and stained for phospho-4E-BP. (Scale bar: 25 um.)
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Fig. 5. Tctp interacts with the translation machinery. (A) Coomassie brilliant blue stain. TAP alone or Tctp-TAP was purified from S2R* cells, and then purified
protein complexes were separated by SDS/PAGE. We annotated the proteins based on molecular size and spectral count abundance in the samples measured
by mass spectrometry. (B) Protein subcomplexes present in Tctp MS result. Red nodes are proteins enriched more than 2-fold in Tctp-TAP pull-down compared
with TAP alone pull-down (Dataset S1). Yellow nodes are proteins predicted to be part of the protein complexes, but not enriched in Tctp-TAP pull-down. (C)
Fibrillarin staining of nucleolus. Midguts were dissected and stained with anti-Fibrillarin antibody. UAS-Tctp was expressed for 6 d, using esg®, by shifting to
29 °C. (Scale bar: 25 um.) (D) Assessment of protein synthesis. Incorporation of Homopropargylglycine (HPG) in midguts was measured ex vivo. Transgenes
were induced for 2 d before dissection. (Scale bar: 10 ym.) () Fibrillarin staining. Midguts were stained with anti-Fibrillarin antibody. UAS-yki**4 and UAS-
Tctpi were expressed for 4 d, using esg®, by shifting to 29 °C. (Scale bar: 20 ym.) (F) Genetic interaction. Removing 1 copy of Rps17 (BDSC#6177), Rps29
(BDSC#16031), EF1alpha48D (BDSC#10397), or Eflalpha48D (BDSC#11037) significantly suppressed Yki***-induced cell proliferation. (Scale bar: 50 pm.)

increased by activation of Yki, we examined nucleolus size in
Yki-induced cell overproliferation in midguts. Similarly, nucle-
olus size was greatly increased by expression of yki*>! with esg®
(Fig. 5E), indicating that ribosome biogenesis is increased during
the overproliferation induced by activation of Yki in ISCs and
EBs. Notably, we found that this increase in nucleolus size in-
duced by Yki activation could be reversed by Tctp knockdown
(Fig. 5E). These results suggest that an increase in Tctp protein
on activation of Yki may contribute to the increase in nucleolus
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size while we speculate that additional factors, such as dilp3 and
Myc (29, 53-55), are involved in nucleolus size control on Yki
activation. Of importance, removal of 1 copy of genes involved in
translation, such as Eflalpha48D, Rpsl7, and Rps29, was suf-
ficient to significantly reduce the cell proliferation induced by
activation of Yki (Fig. 5F), suggesting that translation control
could be an important process for Yki-induced cell over-
proliferation. Altogether, our results demonstrate that Tctp
forms a complex with translational machinery and contributes to
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an increase in nucleolus size in vivo, which may influence trans-
lation in ISCs and EBs.

Tctp Impacts Akt1 Activity, Which Controls Growth. Observations in
Drosophila and in human cells have proposed that TCTP affects
a number of signaling pathways. Since we found that Tctp is
essential for ISC proliferation induced by tissue damage and Yki
activation, we tested whether Tctp could regulate signaling pathways
involved in ISC proliferation. Interestingly, Tctp overexpression
failed to significantly alter Hpo signaling and JAK/STAT signaling
(SI Appendix, Fig. S5 A and B). Previously, it was shown that
overexpression of TCTP increased AKT phosphorylation in
MCF10A cells (56). Similarly, we found that overexpression of
Tctp in ISCs and EBs increased phosphorylation of Aktl in vivo
(Fig. 64). However, in contrast to the observations in human cells,
ectopic expression of Tctp in ISCs and EBs also increased Aktl
protein levels (Fig. 6B).

Activation of Yki in ISCs and EBs increases Aktl phosphor-
ylation, which is possibly mediated by up-regulation of Dilp3 and
multiple IGF/insulin signaling pathway components (29). Given
the role of Tctp in Yki-induced cell proliferation (Fig. 3B), we
examined whether Tctp contributed to the increase in Aktl
phosphorylation induced by activation of Yki with esg”. Occa-
sionally, we noticed that Aktl phosphorylation is also increased
in adjacent cells that are not clearly labeled with GFP. This cell
nonautonomous increase in Akt1 phosphorylation might be explained
by an increase in Dilp3 expression in the tissue (29). Nevertheless,
Tctp knockdown reduced Aktl phosphorylation induced by acti-
vation of Yki in ISCs and EBs (Fig. 6C). Notably, elevation of Aktl
signaling by expressing myristolyated-Akt1 could rescue, at least

A

Control

Pten RNAI

UAS-Tctp

C

Control

yki/Tetpi

partially, the cell proliferation defect caused by Tcfp knockdown
(Fig. 6D), suggesting that Aktl is a critical mediator of Tctp sig-
naling in vivo. Altogether, our results demonstrate that Tctp is a
critical determinant of Aktl activity in ISCs, and that elevation of
Tctp during Yki activation contributes to an increase in Aktl
phosphorylation, which is known to promote cell growth.

Discussion

Multiple signaling pathways impinge on growth control, and
understanding how these signaling pathways converge to achieve
precise growth control is a question of fundamental interest. In
Drosophila, Tctp loss results in a reduction in organ growth, which
was proposed to be due to a decrease in cell growth. In Arabidopsis,
AtTCTP loss of function decreases cell proliferation and survival,
which leads to retardation in growth and reduction in organismal
size. Strikingly, expression of Drosophila Tctp fully rescued the
phenotypes caused by AtTCTP loss of function in Arabidopsis,
suggesting that the role of TCTP in growth control is widely
conserved (9). The role of the Hpo signaling pathway in growth
control is also well conserved across species. In particular, Yki
and its mammalian ortholog Yap]1 control organ size and tumor
growth. Here, we describe crosstalk between these 2 conserved
regulators of growth: the Hpo signaling pathway and Tctp. We
found that the Hpo signaling pathway is a critical determinant of
Tctp protein levels in Drosophila ISCs and EBs. Activation of
Yki or inhibition of Hpo leads to a significant increase in Tctp
protein, which can potentially promote growth by controlling
multiple growth regulatory processes. Importantly, Tctp is re-
quired for ISC proliferation upon tissue damage. 7ctp knockdown

B

Control

Fig. 6. Tctp controls Akt1 phosphorylation in vivo. (A) Detection of Akt1 phosphorylation. Transgenes were expressed for 6 d with esg®. Pten RNA/ was used
as a positive control. (Scale bar: 25 um.) (B) Detection of Akt1. (Scale bar: 50 pm.) (C) Immunostaining for phospho-Akt1. Transgenes were induced for 4 d with
esg®™. Akt1 phosphorylation was detected by staining midguts with anti-phospho-Akt1 antibody. (Scale bar: 20 ym.) (D) Midgut images. Transgenes were

induced for 5 d with esg®. (Scale bar: 50 pm.)
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almost completely abolished ISC proliferation after tissue damage
induced by feeding bleomycin, DSS, or pathogenic bacteria. Given
the role of Yki in ISC proliferation during tissue damage, crosstalk
between Hpo signaling and Tctp might play a critical role during
tissue regeneration. Interestingly, our observations do not support
the proposed role of Tctp as a Rheb guanine nucleotide exchange
factor. Instead, our results suggest that Tctp impinges on 2 fun-
damental pathways that are important for growth control. Tctp
forms a complex with multiple proteins involved in translation,
and genetically interacts with ribosomal subunits, which can be at
least partially explained by the proposed role of TCTP as a gua-
nine nucleotide dissociation inhibitor of translation elongation
factor eEF1A. Moreover, our study shows that Tctp increases both
Aktl protein abundance and phosphorylation in vivo. Neverthe-
less, the molecular mechanisms by which Tctp impinges on general
translation and Aktl activity require further investigation. Given
the observation that Tctp forms a complex with a number of
proteins involved in translation, it is interesting to speculate that
an elevation in general translation mediated by Tctp could affect
Aktl phosphorylation by increasing the abundance of rate-limiting
proteins in the insulin signaling pathway.

Altogether, our study unravels signaling crosstalk, comprising
3 well-characterized growth regulators, Yki, Tctp, and Aktl, that
control ISC proliferation during tissue regeneration and Yki-induced
cell overproliferation. Given the importance of the mammalian
orthologs of Yki, Tctp and Aktl, in tumor growth, it will be of
interest to examine whether the Yap1-TCTP-Akt signaling crosstalk
plays a similar role in growth control of cancers, especially those
with higher Yapl activity.

Materials and Methods

Fly Stocks and Manipulation of Intestinal Stem Cells and Enteroblasts.
esg™ refers to esg-GAL4, UAS-GFP, tub-GAL80® (ll) (57). UAS-yki* (w*;;
UAS-yki.S111A.S168A.5250A.V5, #28817) (58), UAS-Rheb (II) (BDSC#9688),
and UAS-Rheb (lll) (BDSC#9689) were obtained from the Bloomington Dro-
sophila Stock Center (BDSC). RNAI lines from the Transgenic RNAi Project (TRiP;
https://fgr.hms.harvard.edu/) were HMS00701 (BDSC#32911; Tctp),
HMS00006 (BDSC#33614; hpo), and HMS00044 (BDSC#33643; Pten). In addition,
we used UAS-myr-Akt1 (lll), UAS-hop™™ (Il), UAS-Ras"'? (Il), UAS-rpr, UAS-p35,
and UAS-InR*". UAS-TCTP (ll) and UAS-TCTPi (ll) are gifts from Dr. Choi (KAIST,
South Korea). RoST7°/TM2 (#6177), RpS29°°74[TM3 (#16031), eEF1a1%%"%/CyO
(#10397), and eEF1a1°7?7°/CyO (#11034) were obtained from BDSC.

To induce transgenes in intestinal stem cells and enteroblasts, we followed
the experimental procedures described previously (57). Briefly, crosses were
set up with esg®™ at room temperature and, after 3 d of incubation at room
temperature, transferred to 18 °C to restrict the expression of the Gal4-
induced transgenes during development. Next, 0- to 4-d-old adult proge-
nies were collected and placed at 29 °C to induce the transgenes. Progenies
from a cross between esg® and w’’’® were used as controls. During in-
cubation at 29 °C, flies were transferred onto fresh food every 2 d.

Immunostaining and Antibodies. Before dissection, female flies were fed 4%
sucrose for 3 to 6 h to remove food from the gut. Guts were dissected in PBS
and fixed in PBS with 4% paraformaldehyde for 25 min. After washing 3 times
with PBS, samples were blocked for 45 min in PBS with 0.2% Triton X-100 and
5% normal donkey serum. Gut tissues were incubated with primary antibody
overnight at 4 °C in PBS with 0.2% Triton X-100 and 5% normal donkey
serum and then washed 3 times with PBS. Alexa Fluor secondary antibodies
(Molecular Probes) were diluted in PBS with 0.2% Triton X-100 and 5%
normal donkey serum and treated for 1 h at room temperature. Tissue
samples were mounted with Vectashield mounting medium (Vector Labo-
ratories) and imaged with Leica SP2 confocal microscopy.

Antibodies used in this study are the following: rabbit anti-Tctp (gift from
Dr. Choi at KAIST), rabbit anti-Akt (Cell Signaling), rabbit anti-phospho-Drosophila
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J. Biol. Chem. 276, 47542-47549 (2001).
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Akt (Cell Signaling), anti-phospho-Histone-H3 (Millipore), rabbit anti-
B-Galactosidase (Cappel), rabbit anti-phospho-4E-BP (Cell Signaling), and
chicken anti-Fibrillarin (EnCor Biotechnology).

Midgut Damage Experiments. To induce tissue damage, fly cornmeal/agar
food was melted and mixed well with a final concentration of 25 pg/mL
bleomycin (Calbiochem #203408) or 3% DSS (MB Biomedicals #160110). Flies
were fed with bleomycin or DSS food for 2 d at 29 °C.

Pseudomonas entomophila from —80 °C stock was incubated in 100 mL LB
medium in a 250-mL flask with 1: 1,000 Rifampicin (SIGMA) at 170 rpm at
30 °C for 40 h. Next, 100 mL culture was centrifuged at 3,000 rpom for 15 min.
The supernatant was removed. The bacteria pallet was suspended with 5 mL
4% sucrose, and 500 pL P. entomophila solution was applied on a piece of
filter paper (3.75 cm x 2.5cm) and put into empty vials. The flies that had
been shifted to 29 °C for 7 d with normal food were transferred to these
vials and kept at 29 °C for additional 20 h before dissection followed by
immunostaining; 4% sucrose with no bacteria was used as control.

Affinity Purification and Tandem Mass Spectrometry. To generate the DNA
constructs for tandem affinity purification, we subcloned the coding se-
quences of GFP or Tctp in the pMK33-CTAP vector (59). S2R* cells were
maintained in Schneider’s Insect Medium (Invitrogen) supplemented with
10% heat-inactivated FBS at 25 °C. To generate stable cells, S2R™ cells were
transfected with the pMK33-CTAP constructs, using Effectene transfection
reagent (Qiagen). Stable cells were selected by exposing the transfected cells
to 200 uM Hygromycin (Calbiochem, 40051).

Affinity purification and mass spectrometry experiments for Tctp or GFP
control were performed in duplicates, as described previously (52). Peptides
resuspended in Mass Spec buffer were analyzed on a LTQ Orbitrap Discovery mass
spectrometer (Thermo Fisher Scientific) equipped with an Agilent 1200 binary
pump (Agilent Technologies). MS/MS spectra were matched to peptide sequences
using SEQUEST (60) and a composite database containing the translated se-
quences of all predicted ORFs of Drosophila melanogaster and its reversed com-
plement. Peptide spectral matches were filtered to 1% false discovery rate, using
the target-decoy strategy (61) combined with linear discriminant analysis (62).

To analyze protein complexes enriched in the interactomes, we applied
COMPLETE (63), a protein complex-based enrichment analysis tool. The
enriched complexes were visualized using the Cytoscape network visualization
software (https://cytoscape.org/).

Measuring Protein Synthesis. We employed a metabolic labeling approach
based on incorporation of the noncanonical amino acid t-HPG (Life Technol-
ogies) into proteins, followed by chemoselective fluorescence, using the Click-
iT cell reaction buffer kit (Life Technologies). To label newly synthesized pro-
teins, we added 50 pM HPG in PBS to the freshly dissected guts for 30 min.
Then, the guts were washed with PBS and then fixed in 4% paraformaldehyde
for 15 min. After washing with 3% BSA in 0.2 mL PBS twice, the guts were
permeabilized in 0.2% Triton X-100 in 0.2 mL PBS and then washed and
blocked with 0.2 mL 3% BSA in PBS. Click chemistry was performed according
to the manufacturer’s protocol to join the amino acid alkyne with Alexa Fluor
594-azide. Midguts were mounted using Vectashield (Vector Laboratories,
H-1000), and fluorescence micrographs were acquired with Leica SP8 confocal
microscope with 40x/1.25 oil objective lens. The median fluorescence intensity
per cell from HPG-containing individual cells was measured with NIH Image)J
software and normalized by the intensity of the background area. Data rep-
resent n = 20 individual measures from 6 independent guts.

Data Availability. All data are available within this manuscript and the as-
sociated S/ Appendix.
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