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ABSTRACT

Planarian is an ideal model system of studying regeneration. Stem cell system and positional control
genes (PCGs) are two important factors for perfect regeneration of planarians and they combine to
promote their regeneration. Even so, how wounds regulate proliferation and neoblast fate is still
important areas to address. Ptpn11 (Protein tyrosine phosphatase non-receptor type 11), one of PTP (Protein
tyrosine phosphatase) family members, plays an important role in cellular processes including cell
survival, proliferation, differentiation and apoptosis. Nevertheless, the role of ptpnil in the planarian
regeneration has not been fully studied. In this study, we identify the Djptpn1l gene to observe its
function in planarian regeneration. The results reveal that the regeneration is severely inhibited and
cause the disorder homeostasis in planarians. Furthermore, the stem cells proliferation and differenti-
ation decreases while the apoptosis increases following Djptpn11 RNAI. At the same time, Djptpn11 affects
the expression levels of early wound response genes (Djegr2, Dj1-jun, Djruntl, Djwnt1 and Djnotum).
Djwnt1 and Djnotum are two key Wnt signaling pathway genes and Djptpn11 affects the expression levels
of Djwnt1 and Djnotum in the early and late stages of planarian regeneration. In general, Djptpn11 is
indispensable for the homeostasis and regeneration of planarian by affecting the stem cells, early wound

response genes and the Wnt pathway.
© 2022 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.

1. Introduction

cell dedifferentiation [6]. So far, cell dedifferentiation process has
not been found in planarians [7,8]. Neoblasts are the only somatic

Planarians have a powerful ability to regenerate. The scientists
have recently proposed a framework that positional information
and stem cells combine to enable regeneration [1,2]. The regener-
ative framework involves two flexible systems: the stem cell sys-
tem in the fate they can adopt and the positional information
system harbored primarily in the muscles [2,3]. Adult stem cells
from planarians collectively are called neoblasts. Planarians are one
of the few organisms capable of sustaining indefinitely pluripotent
stem cells after embryogenesis [4,5]. In other animals, such as
amphibians and zebrafish, their regeneration is driven in part by
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mitotic cells and they are the only cell source for the planarian body
to renew itself and regenerate new tissue in planarians [9]. It is now
commonly believed that the neoblast is a complex mixture of
pluripotent stem cells and numerous distinct specialized neoblasts
[10]. Recent single-cell transcription analyses have revealed dozens
of markers, corresponding to most planarian cell types, and pro-
vided a more complete cell type atlas of the animal, which greatly
improved our knowledge on the cellular dynamics and putative
transition states between stem and differentiated cells in planar-
ians [10,11]. However, the cellular mechanisms of the planarian
stem cell system adjusting offspring production to meet changing
physiological demands remain unclear.

An organizer is defined as a group of cells that can change the
fate of adjacent cells and instruct a specific pattern to promote the
regional identity [12,13]. These cells express positional control
genes (PCGs) and impact stem cell fate, which are known as the
organizers during planarian tissue turnover and regeneration
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List of symbols and abbreviations

term Abbreviation

Protein tyrosine phosphatases PTPs

Src homology 2-containing protein tyrosine phosphatase2 SHP2

Protein tyrosine phosphatase non-receptor type 11 ptpnil

Positional control genes PCGs

Terminal-Deoxynucleoitidyl Transferase Mediated Nick End
Labeling TUNEL

Days after amputation dpa

Hours after amputation hpa

RNA interference RNAI

Whole-mount in situ hybridization WISH

Whole-mount fluorescent in situ hybridization WFISH
Quantitative real-time PCR qRT-PCR
Phosphorylated histone-3 H3P

0.1%Triton X-100 added to PBS PBSTx

Analysis of variance ANOVA

Isopropyl beta-D- thiogalactoside IPTG

D. japonica nou-darake Djndk

Dj-prohormone convertase 2 DjPC2

Missing tissue response MTR
MAP-extracellular signal-regulated kinase MEK
Protein tyrosine kinases PTKs
Extracellular-signal-regulated kinase ERK

D. japonica map kinase phosphatase A DjMkpA

[12,13]. PCGs are classified based on phenotypic differences caused
by different genes [14]. Three phases can be distinguished during
planarian regeneration [12,15]: the early phase is 0—24 hpa and
common in all types of wound responses. In this phase, the wound
response genes are expressed [15,16]; the second phase is 24—48
hpa. The PCGs are activated in this phase; the third phase is after 48
hpa. The genetic pathways required for terminal cell differentiation
and morphogenesis to restore the lost tissue is induced [12,15,16].
Current studies suggest that the organizers that drive specific
programs during planarian regeneration are formed during the first
phase but are not active until the second phase [12—16]. Numerous
genes encoding Wnt-family proteins display regionalized consti-
tutive transcription along the adult planarian anterior-posterior
(AP) axis. Two key Wnt-signaling components, wnt1 and notum,
are activated by wound signaling and contribute to the resetting of
positional information. Wnt1 and notum belong to the muscle
wound response genes class and are generically activated at all
wounds at the early time [16,17]. From the 24—48 hpa, wnt1 is
gradually expressed in the posterior and notum is gradually
expressed in the anterior [17—19]. Wnt1 promotes posterior and
inhibits anterior identity [20,21]. While, notum promotes head and
inhibits tail identity [17,22,23].

Protein tyrosine phosphatases (PTPs) are widely expressed in
most tissues. PTP family member ptpni1l (protein tyrosine phos-
phatase non-receptor type 11) encodes Src homology 2-containing
protein tyrosine phosphatase2 (SHP2) that is primarily located in
the cytoplasm and widely expressed in various tissues and cells.
SHP2 can be depicted to serve as an adaptor protein by conjugating
downstream signaling pathways and the adhesion molecules and
cell surface receptors [24]. As a non-receptor protein tyrosine
phosphatase, SHP2 protein is involved in diverse signaling path-
ways such as RAS-MAPK, NF-kB, PI3K-AKT, and JAK-STAT [25,26],
which are related to cellular processes including cell survival,
proliferation, differentiation, apoptosis, etc. [24,27,28]. Previous
studies have shown that the SHP2 signal controls mice's liver and
neural regeneration [29,30], and zebrafish caudal fin regeneration
[31,32]. SHP2 participates in several types of stem cell proliferation
and mediates signal pathways in various stem cells [27,33].
Nevertheless, the role of SHP2 in the planarians has not been fully
studied. Neoblasts must be instructed to proliferate, migrate, and
differentiate into the required cell types at the right time and place
[34,35]. Although the framework for planarian regeneration has
been successfully described, how the wounds regulate prolifera-
tion, the fate specification of neoblasts, and the migratory re-
sponses of neoblasts and their progeny are still not fully understood
[2]. In this study, we identify the Djptpni1 gene and aim to confirm
the effect in planarian regeneration and homeostasis and further
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characterize its functions in stem cells, early wound response genes
and PCG genes.

2. Materials and methods
2.1. Species and culture conditions

The asexual planarian Dugesia japonica was collected from
Yuquan, Hebi City, Henan Province, China. The worms were reared
in autoclaved tap water at 20 °C in the dark, and fed twice a week
with the beef liver. 6—12 mm worms were selected for experiments.
They were starved for at least 1 week before the experiments.

2.2. Isolation of the Djptpn11 genes and bioinformatics analysis

The cDNA sequence of Djptpni1l was obtained from the
D. japonica transcriptome database (accession number:
PRJNA627589) and the open reading frame (ORF) was predicted via
DNAstar software. DNAMAN software (7.0) was used to analyze the
deduced amino acid sequence of ptpn11. The conserved domains of
DjSHP2 protein were predicted using the NCBI Conserved Domain
Database.

2.3. RNA interference (RNAi)

All the primers in this article were designed by Primer Premier
5.0 software and they were listed in Table S1. RNAi was performed
as described elsewhere [36]. In the experiment, three biological
repetitions were used, one of which included 60 worms. The fed
bacteria induced by Isopropyl beta-D- thiogalactoside (IPTG) had
the dsRNA against the Djptpn1l. The worms for RNAi groups were
fed with the beef liver homogenate mixed with HT115 cells, which
were transfected with L4440 vectors containing Djptpnll gene
fragments every other day for 9 times (Fig. 3A). The morphological
changes of intact worms were continuously observed. They were
fed once a week for 50 days (d50) after 9 times of Djptpn11 RNAI.
The control RNAi groups were fed with the same volume of beef
liver homogenate mixed with HT115 cells transfected with empty
vectors. RNAi efficiency was measured by quantitative real-time
PCR (qRT-PCR) and whole-mount in situ hybridization (WISH).
The regenerative worms were incubated in the autoclaved tap
water and imaged for at least 30 dpa. The morphological changes of
intact and regenerative worms after Djptpn11 RNAi were captured
by using a Leica digital camera attached to a compound stereomi-
croscope (M165C, Germany).
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2.4. The blastema length, photophobism, and movement velocity
analysis

We measured the blastema and body length using Image soft-
ware 1.48v (n > 5, three experimental repetitions) after Djptpni1
RNAI. The fragments which couldn't regenerate were not included.
The ratio of head and tail blastema length to total length was used
to estimate the development of blastema in the experimental
groups after Djptpni11 RNAI.

To detect the photophobism and the movement velocity of
planarians (n = 20), as shown in Fig. S1, in the dark room, the Petri
dish with a diameter of 9 cm was placed on the self-made square
paper with a unit of 1 cm. The lamp was placed to divide the Petri
dish into two parts: a bright field and a dark field. First, the worms
were contained in the center of the Petri dish. We started timing
when the worms started moving. The experiment was repeated
three times and the average value was calculated based on the
results data.

2.5. X-ray irradiation

Irradiations were performed by using an XCELL-225KV (KUB-
TEC) X-ray set and operated at 225 kV and 13 mA. The intact pla-
narians were irradiated in petri dishes filled with crushed ice at a
total dose of 30 Gray.

2.6. WISH and whole-mount fluorescent in situ hybridization
(WFISH)

RNA probes were synthesized using a digoxigenin-labeling kit
(SP6/T7, Roche, 11175025899). Then, WISH was carried out as pre-
viously described and developed with NBT/BCIP [37]. The devel-
opment time of the Djptpnil probe was 5 h and the development
time of the other genes was 3—6 h. Images were captured by a Leica
DFC300FX camera and processed in Adobe Photoshop. WFISH was
performed as described previously [38], which was performed as
similar experimental operations to that of WISH. While, WFISH
used an anti-digoxin alkaline peroxidase enzyme conjugated anti-
body (1:2000, Roche, 11633716001) and a fluorescent color system
for color rendering (PerkinElmer, Inc. SAT704A001EA). The images
of fluorescent signals were collected under a stereo fluorescence
microscope (Axio Zoom. V16, Germany). Experiments were con-
ducted using 6 worms per experimental group and three inde-
pendent experiments.

2.7. Whole-mount immunofluorescence

Whole-mount immunostaining was performed as in the previ-
ous paper [36]. The nerve and mitotic cells of intact and regener-
ative worms were examined by Whole-mount immunostaining
against anti-SYNORF1 antibody (DSHB, 1:200 dilution in PBSTx)
and phosphorylated histone-3 (H3P) (Millipore company, 06-570-
AF647; 1:200 dilution in PBSTx) to label the central nervous sys-
tem (CNS) and mitotic neoblasts. In brief, the planarians were killed
with 2% icy HCl for 5 min to remove mucus and fixed with 4%
paraformaldehyde for 4 h at 4 °C. After 2 h of treatment in frozen
methanol, the animals were bleached with 6% H,0, for 16 h under
bright light. The planarians were incubated overnight with the
anti-SYNORF1 antibody or anti-H3P antibody at 4 °C. The samples
were washed with PBSTx and incubated with IgG/FITC (SLB, SF131;
1:500 dilutions in PBSTXx) or IgG/Cy3 (Beyotime, A0516; 1:2000
dilution in PBSTx) antibody overnight at room temperature.

TdT-mediated dUTP nick end labeling (TUNEL) Apoptosis Assay
Kit (Millipore Company, 3705823) was used to label signals of
cellular apoptosis in the worms after RNAi. The specific
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experimental steps could be found in the literature [39]. Finally, the
images of fluorescent signals were collected under a stereo fluo-
rescence microscope (Axio Zoom. V16, Germany). Quantification of
H3P* and TUNEL™ cells was done by manually counting cells on
Image] software 1.48v. For the images of 3 hpa fragments of
apoptosis, we counted the area at the wound, for the apoptosis
signals are mainly concentrated in the wound at 3 hpa. For other
images, we counted the whole body. Cell counts were normalized
to the area of the worm.

2.8. qRT-PCR analysis

Total RNA of planarians was isolated by using the Trizol total
RNA extraction (Takara, 9109). qRT-PCR was performed at least
three times with cDNA samples from reverse transcription. Exper-
iments were conducted three experimental repetitions. SYBR Green
chemistry based RT-PCR was carried out with Light Cycler96
Sequence Detection System (Roche), and qRT-PCR was carried out
as described in the previous paper [36]. Djef2 was used as the in-
ternal control gene in all experiments. The gene expression levels
were determined and calculated with the 2724 method.

2.9. Statistical analysis

Statistical analysis was carried out using SPSS13.0 Software. The
data were presented as the mean + SD. Student's t-tests and one-
way analysis of variance (ANOVA) were performed, and graphs
made on GraphPad Prism Version 8 (GraphPad Software). P < 0.05
was considered significant and P < 0.01 was considered extremely
significant.

3. Results
3.1. Djptpn1l gene encoded a conserved protein DjSHP2

We obtained the full-length cDNA of a ptpn11 homolog from the
D. japonica long-read sequencing transcriptome database (acces-
sion number: PRJNA627589). Djptpn1l (GenBank accession num-
ber: OL944650) encoded a predicted protein of 624 amino acid
residues, which contained two N-terminally located Src-homology
2 domains (N-SH2 and C-SH2), a protein tyrosine phosphatase
catalytic (PTPc) domain and a C-terminal tail with the proline-rich
motif and the highly conserved residues Cys-466 and Arg-472 in
this PTP catalytic loop (Fig. 1A and B).

The amino acid sequence alignment analyzed by DNAMAN
showed that Djptpn11 contained conservative sites (VHCSAGIGR) of
the SHP2 family (Fig. 1B). Sequence homology search by using
BLASTN revealed that the Djptpnil sequences shared high simi-
larity with other eukaryotic organisms’ ptpni1 sequences. There-
fore, Djptpnil belonged to SHP2 family members.

3.2. Expression pattern of Djptpn11 in planarian

The spatial and temporal expressions of Djptpni1 in intact and
regenerative worms were analyzed by WISH and WFISH (Fig. 2A,
Fig. S2A). Planarians were cut into three fragments (Fig. 2A). Intact
and regenerative worms (1, 3, 5, and 7 dpa) were used for WISH.
The WISH results showed that the expression of Djptpnil was
widely expressed in the intact planarians and the regenerative
fragments. During planarian regeneration, the positive signals
mainly focused on the blastema and parenchymal at 1, 3, 5 and 7
dpa in all three fragments. The positive signals were stronger at 3
and 5 dpa in all three fragments. For trunk and tail fragments, the
positive signals were obviously presented in the growing cephalic
ganglia at 3, 5 and 7 dpa (Fig. 2A). We isolated homolog of Djptpn11



Q. Wang, X. Sun, J. Xiao et al.

Biochimie 201 (2022) 184—195

A

D.melanogaster --

X.laevis -
H.sapiens-—

5

— S

A
D.japonica'-‘ __—

—

— S

0 100 200 300 400 500 600 700 800 900

S.mansoni MRQIGGR H-!NL‘H
D.rerio ue
H.sapiens PR NIT]
X.laevis .. .MTSRR
C.elegans MPRLALRQY]
Consensus £

B D.japonica MTANR:EHA 1

D.japonica
S.mansoni
D.xerio
H.sapiens
X.laevis
C.elegans
Consensus

. rmnne 2
- BYYDEYG
-BYYDBEYG!
o YYDL!G
DMLSIFED B TTEN

D.japonica
S.mansoni
D.rerio
H.sapiens
X.laevis
C.elegans

1 ekng elk p

K@EE@LI:KGRNGS

Y MILERGK PDCEM
)

D.japonica
S.mansoni
D
H

.rerio

H.sapiens
X.laevis
C.elegans
Consensus

Vi vCRE . N

japonica MRNI[eS G.

mansoni VHREE S VInG. HHGKP . N
rerio EL!nLﬁ R GDDRTDT r_l:Kr.Hx MIRCCH. D
sapiens I ‘ :ﬂuu.m:r_ NDGK. m; V] IRCQ. .E
laevis )3 LI SEEKLENGERK: Tz VISIREQP . D
.elegans % L!EMQEG .......... C!V LiYCDPST
Consensus g vs vh i

» BN

»
"
-
-

aOxXitono

D.japonica  KKEBIGEG .mﬁu
S.mansoni GMYDVEEG . HQ3

D.rerio LKYDVEEG . EXjal
H.sapiens LKYBVI C.Hd.r"
X.laevis GKYD
C.elegans GRENID
Consensus

moR RN N -

D.japonica  HZFNAERMNVLCIXERMNC
H.sapiens
X.laevis

EXNNGRGP . NCPH

S.mansoni < STIDQIMHQLEQESGHG. . SGLAEE
AAEIERVRELSKLAEATD . KVK(

AAEIES VRELSKLAETIT .KVAQLE

;iRINAA G E RELN! AAPNTF.KAggi

C.elegans LE' FIEALLS [ FEIIRRPINPRESHEKT[EIS

D.rerio
Consensus P - x g eef

CECECECECEC]

13 0
;4

D.japonica DAR. . SKNLTR
S.mansoni ERH. .VKNN
D.rerio @®QEC. .KLLY,
H.sapiens @CEC. .KLLY.
X.laevis eQEC . . XKLLYP)
C.elegans S{eEALPAECYLSE
Consensus laq

35
38
36
36
36
40

68
b
€9
€9
€9
80

103
106
104
104
104
120

137
140
138
138

159

166
169
177
17¢
177
189

203
206
214
213
214
229

242
244
253
252
253
269

280
282
291
290
291
309

) PTPeN11
SH2_C
0 sH2 N
3
D.japonica ﬁy’ixwyywn. .NNDYLYDNNGY 318
S.mansoni ASITTSNSPH 322
D.rerio e 2 KSNNSKLKRS. ... 327
H.sapiens E 326
X.laevis 326
C.elegans 346
Consensus
D.japonica 346
S.mansoni 362
D.rerio 352
H.sapiens 351
X.laevis 351
C.elegans 371
Consensus
D.japonica ETKEEGCLVEDTHQARLIVS 386
S.mansoni STAEEGVREFPNYGGTIRVR 402
D.rerio 2D . VSALKEYG. . . .AMRVR 387
H.sapiens D.EYALREYG . VMRVR 386
X.laevis D.ENCSKDYG. .. .CIRVE 386
C.elegans AEVNKPEVHGDISLTCTIE 410
Consensus ywp
D.japonica HISESANETFILRQLLRK...VNVKDG.CSDKNE..... 417
S.mansoni HLSERNSVNYTLREMYMTRDSSVSTXKNSEHCQEVNSG. ... 438
D.rerio NVKETMAHDYILREMXLSK. ..VGCGNT. . 412
H.sapiens NVKESARHDYTLREMXLSK VGQGNT 411
X.laevis SLEMRCKKNYILREMHISR. . .LDKTES. . 411
C.elegans RXVQRAVSDEVKA] ECEKINRIAKGLVPEAEINGEGISY 450
Consensus 1
D.japonica 446
S.mansoni 467
D.rerio 440
H.sapiens 439
X.laevis 439
C.elegans 490
Consensus
D.japonica [EBCSYCKRVLRLC........ 1VHC SAGIGRE G 478
S.mansoni HDISARQDSIPGA... T 499
D.rerio EEV(L'(CEGITGA 472
H.sapiens EEVHH-(QESIMDA N 41,
X.laevis ;EEINBAC‘(YIP"IS. P HCSA 471
C.elegans EDVDREYEYENACPIAASLP PRQYVE \ ] 530
Consensus vhcsagiar
gp giaxr g
D.japonica R.G’thKﬁ"@ILR’!V& Iﬁﬁp’ R H 517
S.mansoni IXTMGLNCDI I ICAVIREQS B 539
D.rerio IREXGVD u.lnvr u.nvﬁ RSG B 512
H.sapiens IREXGVDCEIsVPXTICH B 511
X.laevis INRCGLLCCDI IPKTI "k B 511
C.elegans VKK ghLﬁP}ﬂVYR!{V‘( F$RSGH 3 570
Consensus r 1rsg vqte qy
D.japonica  EEVEMIVKEEISLE.....KNRLONSNDAXRSGREYINLK 552
S.mansoni lﬂlﬂ. (QCYVNTH. . SKRICMDNDLRRTGRDYTININ 574
D.rerio LH QHYIETL.. CRRIEEECKSKIKGREYINIK 547
H.sapiens MEVOEYIETL. . CRRIEEEQKSKRKGHEYINIK 546
X.laevis NMOKRIEVR. ... . KRPLEEECHMGRLREHEYTNIQ 546
C.elegans %gdgl\EYL‘(NNNPYPVKSFIDGDTDAEEFPRRI.R €07
Consensus fya

Fig. 1. Amino acid sequence and domain analysis of Djptpn11

A, Conserved domain analysis of Djptpn11. B, Multi sequence alignment of Djptpn11 with other SHP2 homologues from different species by DNAMAN software. Note the amino acids
marked by black background were exactly identical, while the amino acids marked by pink and blue background represent 75% and 50% conservative among ptpn11 homologues
respectively. The red line represents conserved catalytic site located in the PTP domain, with red star represents the highly conserved residues Cys-466 and Arg-472 in this PTP

catalytic loop (VHCSAGIGR).

from the planarian Schmidtea mediterranea single-cell database
called Planarian SCS (https://digiworm.wi.mit.edu/) [40]. The re-
sults showed that the homolog of Djptpn11 was mainly expressed in
all types of cells including in neoblast, neural, intestine, pharynx,
parenchymal, muscle, and so on (Fig. 2B; Fig. S2B). This result was
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consistent with the results of WISH and WFISH, which showed that
Djptpnil was highly expressed in the neoblast, nerve, muscle, and
intestine. In light of the homolog of Djptpnil was also widely
expressed in smedwi-17 cells, a marker of neoblasts [10] (Fig. S2B).
Classic experiments showed that neoblasts were the source of cells
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Fig. 2. Expression analysis of Djptpn11

A, Expression level analysis of Djptpn11 in intact and regenerating worms by WISH. a, Schematic diagram of three fragments incisions. b, ¢, Expression analysis of Djptpn11 in the
regenerating worms and in intact of control worms. Scale bars, 500 pm. B, Homolog of Djptpn11 in Schmidtea mediterranea single-cell database Planarian SCS. a, The figure showed
representation cell clusters generated from the data. a’, neoblast; b’, parenchymal; ¢’, muscle; d’, neural; €', cathepsin™ cells; f, protonephridia; g’, epidermis; h’, pharynx; i’, in-
testine. b, The figure showed homologues of Djptpn11 in Schmidtea mediterranea expressed in all cell clusters. C, Expression level of Djptpn11 decreased in the X-Ray planarians. a, b,
¢, d, The expressions level of DjpiwiA and Djptpn11 sharply decreased in the planarians after X-Ray, Scale bars, 500 pum.

for regeneration. After irradiation, neoblasts were ablated, leading
to loss of regeneration and death [41]. An X-Ray experiment was
performed to identify whether Djptpnil was expressed in stem
cells. We irradiated intact planarians with a total dose of 30 Gray X-
Ray. DjpiwiA is a marker gene of neoblasts in D. japonica [42]. The
expression levels of DjpiwiA and Djptpn11 were detected by WISH
and qRT-PCR on the fourth day after irradiation. WISH and qRT-PCR
results showed that the expression levels of DjpiwiA and Djptpn11
decreased significantly after irradiation. These results further sug-
gested that Djptpnll was expressed in planarians neoblasts
(Fig. 2C). In general, the above results indicated that Djptpn11 was
widely expressed in intact and regenerative planarians.

3.3. Djptpn11 was indispensable for the homeostasis and
regeneration

To study the function of Djptpn11 in planarians, RNAi was carried
out by feeding technique commonly used in planarians research.
The procedure of RNAi was shown in Fig. 3A; the worms were fed
nine times. The qRT-PCR and WISH results demonstrated that the
expression level of Djptpn1l was significantly reduced after
Djptpn11 RNAi (Fig. 3B).

For intact worms, the diversity of phenotypes was exhibited on
days 22 after Djptpnil RNAI, including pointed head and small
auricles (11/60), no head (7/60), partial swollen body (8/60) and
shrunk head and intact swollen body (12/60) (Fig. 3C, F). The
morphological changes of planarians induced by Djptpnil RNAi
mainly focused on the atrophy or disappearance of the head and
the swelling of the body. These results indicated that the homeo-
stasis of the intact planarians was disordered. The number of
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abnormal phenotypes was increased, most worms were dis-
integrated and only five largely incapacitated fragments remained
on days 50 (Fig. 3C). In addition, we measured the movement ve-
locity of planarians on days 30 after Djptpn1l RNAi. The results
showed that several worms (5/20) with the athletic ability were not
affected, the movement velocity was slow in some worms (11/20)
and the other (4/20) did not respond to the strong light at all. The
data analysis showed that the Djptpn11 RNAi worms had slower
movement velocity (Fig. 3D). Taken together, these results showed
that Djptpn11 RNAi impaired planarian homeostasis and survival.
For regenerative worms, on the second day after the last feeding,
planarians were dissected in three segments and tissue regenera-
tion was observed daily for at least 14 days. The results showed that
the head and tail regeneration was significantly inhibited after
Djptpn11 RNAI. The blastema and body length ratio of head and tail
fragments was analyzed to judge the development of blastema in
the experimental groups after Djptpn11 RNAI. The results showed
that the experimental groups had small blastema compared to the
control groups in the head and tail fragments (Fig. S3). For the head
fragments, 71.6% (43/60) and 65% (39/60) of the worms did not
regenerate or only regenerated a small tail at 7 dpa and 14 dpa of
regeneration, respectively. (Fig. 3E, G). A handful of four head
fragments (4/60) disintegrated at the 14 dpa of regeneration. For
the trunk fragments, 48.3% (29/60) of the worms were only had
heads without tails, or just had small tails at 7 dpa and 14 dpa, 30%
(18/60) of the worms couldn't regenerate at 7 and 14 dpa (Fig. 3E,
H). Similarly, tail fragments revealed severe inhibition of regener-
ation, 41.6% (25/60) and 36.7% (22/60) of tail fragments had no
heads at 7 and 14 dpa (Fig. 3E, I). The results indicated that the
initiation of head regeneration failed. We found two cyclopia of tail
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A, Flowchart of dsRNA feeding and amputation schedules were used in this work. (The RNAi time was calculated from the first feeding. The day of the first feeding was denoted as
Day 1 (d1).) B, Detection of RNAi effect in the Djptpn11 RNAi planarians. a, b, WISH and qRT-PCR results showed the expression level of Djptpn11 significantly decreased in the
Djptpn11 RNAI planarians. C, Morphologic changes of intact planarians after Djptpn11 RNAi at d22 and d50. Scale bars, 500 pm. D, The movement velocity of planarians was
measured at d30 after Djptpn11 RNAI. E, The three fragments incisions regeneration defect phenomena after amputation at 7 dpa and 14 dpa. Scale bars, 500 um. F—I, Phenotypic
ratio diagram of intact planarians or regeneration was listed at 7 dpa and 14 dpa. (d, days after RNAi; dpa, days after amputation).

fragments regeneration at 7 and 14 dpa. Three tail fragments were
degraded at 14 dpa of regeneration. Consequently, Djptpn11 played
a crucial role in the homeostasis, survival and regeneration of the
head and tail of planarians.

3.4. Djptpni1l RNAi affected the cell proliferation, differentiation
and apoptosis in planarians

Having shown the inhibition of regeneration phenomenon after
Djptpn1l RNAi, we next studied the function of Djptpni1 in cell
proliferation, differentiation and apoptosis. After 7 days of starva-
tion after the last RNAi feeding, we cut the worms into three
fragments. It has been reported that regeneration proceeds through
the two proliferation peaks at 6 hpa and 48 hpa [34]. We detected
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the cell proliferation of head, trunk and tail fragments after
Djptpn11 RNAI at 6 hpa, 48 hpa and 7 dpa by H3P" immunofluo-
rescence (Fig. 4A and B Figs. S4A and B). The results showed that the
cell proliferation levels of worms were markedly decreased after
Djptpn11 RNAI in three fragments. To further determine the cell
proliferation of Djptpnll in planarians, the tail fragments were
selected and the expression levels of some neoblast marker genes,
including DjpiwiA, Djpcna, Djh2b, and early progeny of neoblasts
marker gene Djprog-1 were examined by qRT-PCR [42]. The results
showed that the expression levels of these genes decreased
significantly at 6 hpa, 48 hpa and 7 dpa (Fig. 4C). On the whole, loss
of Djptpn1l function resulted in cell proliferation of regenerative
planarians obviously decreased.

Here, we selected two markers (DjpiwiA and Djprog-1) to
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explore neoblast and neoblast differentiation during the process of
cell turnover after Djptpn11 RNAi. We performed WISH of DjpiwiA
and Djprog-1 in the regenerative tails, and the WISH results showed
that the expression levels of DjpiwiA and Djprog-1 were decreased
at 6 hpa, 48 hpa and 7 dpa, which further confirmed that Djptpn11
RNAi affected the proliferation and differentiation of stem cells
during planarian regeneration (Fig. 4D).

To further distinguish the function of Djptpnil in the main-
taining and development of the nervous system, we performed
whole-mount immunostaining with the pan-neural marker anti-
SYNORF1 antibody. Compared with the control group, the intact
planarians (d24) showed incomplete nervous system (Fig. 5A). In
particular, the cephalic ganglia were atrophied (Fig. 5A). Djptpn11
RNAi fragments could not regenerate a complete, closed nervous
system at 7 dpa (Fig. 5A). For the head fragments, the ventral nerve
cord (5/6) didn't close at 7 dpa. For the trunk fragments, the ce-
phalic ganglia and the ventral nerve cord (3/6) didn't regenerate at
7 dpa. For the tail fragments, no complete cephalic ganglia formed
(5/6) compared with the control group (Fig. 5A). As a result,
Djptpn11 RNAI resulted in severe defects in nervous system for-
mation. Djndk (D. japonica nou-darake) is a marker for the brain
region [43,44]. The results indicated that the trunk and tail frag-
ments had drastically reduced expression level of Djndk after
Djptpn1l RNAI, and there was no positive signal at all in some
fragments at 7 dpa (Fig. 5B). These findings suggested that no brain
was formed or just developed a very small one after Djptpn11 RNAI.
We used (Dj-prohormone convertase 2) DjPC2 as a marker to detect
the development of the nervous system [45]. The WFISH results
showed that the brain was a very small one at 7 dpa in tails frag-
ments (Fig. 5C). The qRT-PCR result was in accord with the WFISH
result, which showed that the expression level of DjPC2
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overwhelmingly decreased compared with the control group
(Fig. 5D). Based on these results, Djptpn11 RNAi caused nervous
system defects in regenerating planarians.

Given our work suggested that the Djptpn11 RNAi induced ho-
meostasis disordered in planarians, TUNEL experiment was per-
formed to assess the cell apoptosis level after Djptpn11 RNAI. Cell
apoptosis had a specific expression pattern in the regeneration
process of planarians. There was a large amount of cell apoptosis in
the wound during 0—4 hpa after incision and a systemic cell
apoptosis peak occurred at 72 hpa of regeneration [39]. We
detected apoptotic cells in the intact worms, regenerative head,
trunk and tail fragments after Djptpn11 RNAi by TUNEL. We selected
intact planarians starved for 7 days (d24), while 3 hpa and 3 dpa of
regeneration after the last Djptpn11 RNAI for apoptosis detection,
respectively. The results illuminated elevated TUNEL™ cell levels in
the intact worms, regenerative fragments at 3 hpa and 3 dpa of
regeneration after Djptpn11 RNAI (Fig. 6A, B, C, D). The above results
showed that Djptpni1 was involved in the regulation of cell pro-
liferation and apoptosis in the planarians.

3.5. Djptpn11 affected the early wound response genes expression
and Whnt signaling pathway

The head and tail regeneration of planarians was strongly
inhibited after Djptpni11 RNAi. Taken together, our work demon-
strated that Djptpn11 predominantly contributed to the regenera-
tion of the head and tail of planarians. To further determine the
potential factors of Djptpn11 promoted head and tail regeneration
in planarians, we examined the expression levels of early wound
response genes (Djegr2, Djl-jun, Djruntl) and two key Wnt
signaling pathway genes (Djwntl and Djnotum). The results
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indicated that the expression levels of Djegr2, Dj1-jun, and Djrunt1
decreased significantly at 6 and 12 hpa of regeneration (Fig. 7).
Wnt1 and notum belong to the wound response genes and are
activated at all wounds at the early time after injury [15—17]. With
the extension of regeneration time, wnt1 gradually accumulated in
the tail and notum gradually accumulated in the head [17—19]. It is
widely shared that the wntl guides the regeneration of the
planarian tail and the notum directs the head regeneration [17,21].
We examined the expression levels of Djwnt1 and Djnotum, two key
Wnt signaling pathway genes, during planarians regeneration after
Djptpn11 RNAI. The results showed that Djwnt1 expressed in the
wound at 6 and 12 hpa of regeneration, then accumulated in the tail
at 3 and 7 dpa of regeneration in the controls, but no expression in
almost all Djptpn11 RNAi head and trunk fragments at any time of
regeneration (Fig. 8A). Similarly, Djnotum expressed in the wound
at 6 and 12 hpa of regeneration, then accumulated in the head at 3
and 7 dpa of regeneration in the controls, but no expression in
almost all Djptpn11 RNAI trunk and tail fragments at any time of
regeneration (Fig. 8B). These results clearly proposed that the loss
of the Djptpnil function sharply reduced the expression levels of
Djwnt1 and Djnotum. Consequently, these results suggested that
Djptpnll participated in planarian early response to amputation
and had strong influence on the Wnt pathway to regulate planarian
regeneration.

4. Discussion

Planarians are able to regenerate a perfect worm from a frag-
ment in one week based on the perfect combination of cell prolif-
eration, differentiation and apoptosis. Our work implies that
Dijptpn11 is widely expressed in neoblasts and various differenti-
ated cells in planarians. In this study, Djptpnil RNAi results in
sharply reduced proliferation and differentiation of stem cells.
SHP2 plays an important role in fin regeneration and cell prolifer-
ation in zebrafish; our results are similar to these findings [31,32].
SHP2 also plays an important role in several types of stem cells’
proliferation by activating RAS/ERK and JAK/STAT signaling simul-
taneously [46]. MAPK pathway and PI3K-AKT pathway are crucial
downstream signaling of SHP2 [47]. After Smed-Akt and DjPI3K
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silencing lead to the failure of blastema formation, homeostasis
defective and the decrease of cell proliferation in planarians
[48,49]. As downstream candidates for SHP2, ERK and JNK are
MAPK (Mitogen-Activated Protein Kinases) proteins that function
in kinase cascades to regulate stem cell biology in multiple species
[27]. The ERK regulates both neoblast proliferation and differenti-
ation [50—52]. ERK and PI3K-AKT Pathway have similar functions to
SHP2 in regulating cell proliferation and differentiation. In planar-
ians, jnk RNAI causes defects in blastema formation and regenera-
tion [53]. Further analysis finds that JNK signal limits cell cycle
progression in planarians by mediating the transition from G2-to M
-phase, as loss of jnk increases the number of cells in M-phase,
while the number of cells in the S-phase is not significantly altered
[54]. In this work, cell proliferation level (H3P* cells) during
planarian regeneration reduces after Djptpn11 RNAIi, which seems
to contradict the regulation of cell proliferation by JNK. Therefore,
DjSHP2 may regulate the proliferation and differentiation of pla-
narians through Erk and PI3K-AKT pathway.

Amputation in planarians induces tightly controlled apoptotic
and mitotic responses [34,39]. The effects of Djptpnil on the
apoptosis of planarian cells are also investigated in this study. The
apoptosis level was significantly increased after Djptpn11 RNAI. It
has been reported that regeneration proceeds through two mitotic
phases [34]. The first phase occurs in response to wounding and the
second occurs in response to the loss of tissues after amputation
[34]. The burst of apoptosis (TUNEL" cells) occurs primarily at the
proximal end of any wound within 4 hpa of injury, while the second
phase of increased cell death (involving morphologic deformation)
is only associated with damage with loss of substantial tissue [39].
These proliferative and cell-death responses, which are detectable
by 48—72 hpa and unique to missing-tissue injury contexts, are
prominent features of planarian regeneration. The process of ho-
meostasis maintenance and regeneration in vivo is actually a bal-
ance between stem cell proliferation and old cell death [55]. There
is a balance exists between stem cell proliferation and the gener-
ation of differentiated offspring in Drosophila and mammalian
spermatogenesis. This balance is achieved at the level of the
number of stem cells [56,57]. For example, some stem cells may be
lost due to differentiation or damage, while others divide
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symmetrically to fill the gap [56—58]. Our results show that the cell
proliferation, differentiation and apoptosis levels of planarians are
severely disrupted by Djptpn11 RNAI. This imbalance of cell prolif-
eration, differentiation and apoptosis leads to serious deficiencies
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during planarian homeostasis maintenance and regeneration. The
imbalance mechanism needs to be further studied.

Our present study proposes that Djptpnll contributes to the
expression levels of early wound response genes (Djegr2, Dj1-jun
and Djrunt1) and two key Wnt-signaling components (Djwntl1
and Djnotum) in regenerating planarians. Previous studies show
that the wound response genes are responsible for triggering
wound healing, cell proliferation, cell apoptotic, cell differentiation,
PGCs expression and planarian regeneration [ 15—17,21,44]. Runt1 is
required for specification of neuron and eye precursors in the
neoblast population after injury [16]. Our results show that the
incapacity to regenerate the eyespots and nervous system in
amputated planarian after Djptpn11 RNAi, which suggest that the
reduced expression of Djruntl after Djptpn1l RNAi affects the
regeneration of the eyespots and nerve after planarians amputa-
tion. Djptpnll silencing perturbs planarian early response to
amputation, and this absence of the early response has been
implicated in initiating re-establishment of positional information
and regeneration [15—17,21,44]. Our research shows that loss of
Djptpn11 function strikingly reduces the expression levels of
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Djwnt1 and Djnotum during planarian regeneration. Djwnt1 and
Djnotum are PCG genes and determine head and tail regeneration.
These results suggest that DjSHP2 regulates PCGs of planarians
regeneration. Recently the regulatory relationship between SHP2
and the Wnt pathway is reported [59]. SHP2 promotes hep-
atocarcinoma cell differentiation and expansion of hep-
atocarcinoma stem cells (CSCs) by activating the Wnt pathway [59].
On the whole, these findings indicate that Djptpn11 may participate
in triggering cell proliferation, PGCs expression and planarian
regeneration by regulating the expression of early wound response
genes and the Wnt pathway during planarian regeneration.

Planarians can robustly regenerate all tissues after injury,
involving stem cells, positional information, and a set of cellular
and molecular responses collectively called MTR (missing tissue
response) [60]. The changes in cell proliferation and apoptosis
levels during planarian regeneration are parts of the MTR [60].
Some scholars think that the resetting of positional information
primarily drives regeneration, while the MTR mainly acts to
accelerate regeneration [16,60]. This study demonstrates that
DjSHP2 is involved not only in PCG reconstruction but also in MTR.
Planarian plasticity is underlined by the presence of a huge popu-
lation of adult pluripotent stem cells, whose fate relies on the ac-
tivity of the PCGs secreted by the muscular system that surrounds
the planarians [12]. Therefore, we propose that Djptpni1 may also
play a role as an intermediate bridge in regulating PCG signaling,
stem cell proliferation and differentiation in the complex signaling
pathway regulation network of planarian regeneration. Djptpnil
may not only help PCG signal establish polarity but also regulate
stem cell proliferation and differentiation to form the correct
blastema for successful regeneration.

In this study, we find that the head and tail of planarians
regenerate failure after Djptpn11 RNAI. The absence of head and tail
regeneration of planarians means that the regenerative fragments
only undergo wound healing and cannot initiate regeneration. The
Erk pathway has been extensively studied in planarians. Previous
studies have collectively shown that the Erk pathway is essential
for planarians initiating regeneration [44,51,52]. After silencing
Djmek, the key molecules in this pathway, or using drugs to reduce
ERK activity, planarians fail to form a blastema and do not regen-
erate [44,52]. These phenomena are very similar to those caused by
silencing of Djptpnil. A recent study has shown that Djptpnil is
required for anterior blastema cell differentiation by regulating Erk-
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DjMKkpA activity and may be involved in the regulation the Wnt
signaling pathways during posterior blastema development in
D. japonica [61]: these results are consistent with the present study.
After Djptpn11 RNAI, the whole nervous system and the regener-
ated nerve are severely affected. SHP2 is also involved in nerve
regeneration and maintenance in other species [30,62]. The Shp2-
mediated MAPK pathway regulates ANp63 in the epithelium to
promote corneal innervation and homeostasis [62]. Elevated hip-
pocampal CD24 in astrocytes participates in neural regeneration
possibly via activating the SHP2/ERK pathway after experimental
traumatic brain injury in mice [30]. Similarly, our present study
demonstrates that SHP2 plays an indispensable role in planarian
nerve regeneration. Biological and biochemical data indicate that
SHP2 acts as a positive signal transducer between receptor PTKs
(protein tyrosine kinases) and Erk pathway [63]. These results
suggest that Djptpn11 may be closely related to the Erk pathway in
planarians. In this study, Djptpn11 RNAIi results in the intact pla-
narians appearing swollen and disintegrated. Our findings suggest
some issues that should be further explored.

In summary, we highlight the crucial role of Djptpnil in
planarian regeneration and homeostasis. There are obvious defects
including both head and tail in regeneration after Djptpn1l RNAi.
The present study reveals that Djptpnll regulates planarian
regeneration by simultaneously regulating the stem cell prolifera-
tion, differentiation, apoptosis and taking part in early wound
response genes and the Wnt pathway expressions.
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