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Furin extracellularly cleaves secreted PTENa/[3 to generate
C-terminal fragment with a tumor-suppressive role
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PTENa and PTENR (PTENa/B), two long translational variants of phosphatase and tensin homolog on chromosome 10 (PTEN), exert
distinct roles from canonical PTEN, including promoting carcinogenesis and accelerating immune-resistant cancer progression.
However, their roles in carcinogenesis remain greatly unknown. Herein, we report that, after secreting into the extracellular space,
PTENa/B proteins are efficiently cleaved into a short N-terminal and a long C-terminal fragment by the proprotein convertase Furin
at a polyarginine stretch in their N-terminal extensions. Although secreted PTENa/p and their cleaved fragment cannot enter cells,
treatment of the purified C-terminal fragment but not cleavage-resistant mutants of PTENa exerts a tumor-suppressive role in vivo.
As a result, overexpression of cleavage-resistant PTENa mutants manifest a tumor-promoting role more profound than that of wild-
type PTENa. In line with these, the C-terminal fragment is significantly downregulated in liver cancer tissues compared to paired
normal tissues, which is consistent with the downregulated expression of Furin. Collectively, we show that extracellular PTENa/
present opposite effects on carcinogenesis from intracellular PTENo/B, and propose that the tumor-suppressive C-terminal
fragment of PTENa/ might be used as exogenous agent to treat cancer.
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INTRODUCTION

Phosphatase and tensin homolog on chromosome 10 (PTEN), a
tumor suppressor frequently lost or mutated in human sporadic
cancers, exerts both phosphatase-dependent and -independent
activities in the cell and governs a variety of biological processes
[1-5]. Besides canonical PTEN (hereafter called PTEN), several
evolutionarily conserved translational variants of PTEN, including
PTENa (PTEN-long/PTEN-L), PTENB, and PTENe, were identified
[6-10]. Human PTENa, PTENRB, and PTENe are translated respec-
tively from alternative translation initiation codons CUG®'3,
AUU*** and CUG8'® of PTEN mRNA that are 5’ of and in-frame
with the canonical translation initiation codon AUG'?*? of PTEN,
thus respectively adding a N-terminal extension (NTE) including
173, 146 and 72-amino acid to the 403 amino acids of PTEN. Their
levels are much lower than that of PTEN, consistent with the
concept that use of non-AUG start codons is typically less efficient
than mRNA translation from canonical AUG translation start sites
[11, 12]. The initial report showed that PTEN-L/PTENa is a
membrane-permeable lipid phosphatase that is secreted from
cells and can enter other cells to functions as a secretory PI3K
antagonist and proposed that PTENa might be used as exogenous
agent to treat cancer [6]. PTENa was also reported to localize at
the outer mitochondrial membrane and contribute to mitophagy
as a protein phosphatase for ubiquitin [13] and through
promotion of PARK2 recruitment to damaged mitochondria [14].

Also, PTENa induces cytochrome c oxidase activity and ATP
production in mitochondria and its somatic deletion impairs
mitochondrial respiratory chain function [9]. PTEN( was reported
to localize predominantly in the nucleolus, and physically
associates with and dephosphorylates nucleolin. Accordingly,
disruption of PTENP alters rDNA transcription and promotes
ribosomal biogenesis [7]. However, we reported that both PTENa
and PTEN (PTENa/B) manifest prominent nuclear localization due
to the presence of a canonical nuclear localization signal in their
NTEs, and exert tumor-promoting roles in liver cancer cells
through the direct interaction of their NTEs with the histone H3
lysine 4 (H3K4) presenter WDR5 in the nucleus to promote H3K4
trimethylation and maintain a tumor-promoting signature [15].
Recently, PTENa was also shown to remain active in cancer-
bearing stop-gained PTEN mutations, and lead to T cell dysfunc-
tion and accelerate immune-resistant cancer progression [16].
Totally, roles of PTENa/B in carcinogenesis are more complicated
and remain to be further explored.

The NTEs of PTEN variants subject them to differential
regulations and enable them to play distinct roles from that of
canonical PTEN [6-9]. A bioinformatic analysis on the structural
properties of the NTE of PTENa revealed that it is enriched in post-
translational modification sites and protein-binding motifs indicat-
ing the probable role of enzymatic modifications and protein-
protein interactions in the function of PTENa [17]. Indeed, the
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Fig. 1

PTENa/B are cleaved within their NTEs. A, B Xenografts derived from PTEN-knockout SMMC-7721 cells stably expressing EV, PTENa,

PTENB, or PTEN (A) and from SMMC-7721 cells with inducible expression of PTENa or PTENB under the control of a doxycycline-inducible
expression system (B) were subjected to Western blot for proteins as indicated. (C) Western blot analysis in the lysates of in vitro-cultured
SMMC-7721 cell line and its 4 xenografts. D Schematics of N-terminal 3xFlag-tagged PTENa (3F-PTENa) (top). Western blot analysis for
indicated proteins in the lysates of in vitro-cultured PTEN-knockout SMMC-7721 cell line stably expressing 3F-PTENa and the xenograft derived
from it (bottom). E, F Western blot analysis for indicated proteins in xenografts derived from PTEN-knockout SMMC-7721 cells stably
expressing indicated PTENa derivatives. EV, empty vector; 3 F, 3xFlag.

binding of ubiquitin E3 ligase FBXW11 or deubiquitinase USP9X to
the NTEs of PTENa/f regulates their stability without influences on
PTEN [15]. We reasoned that experimental characterization of
these regulatory and functional motifs in NTEs of PTENa/f will
serve as an effectual way to further understand PTENa/p.

Herein, we report that the secreted PTENo/B proteins are efficiently
cleaved by the proprotein convertase Furin in the extracellular space,
and the cleaved C-terminal fragment but not full-length PTENa exerts
a tumor-suppressive role. These findings dissect the contribution of
extracellular and intracellular PTENa to its overall tumor-promoting
role, and propose that the tumor-suppressive C-terminal fragment
might be used as exogenous agent to treat cancer.

RESULTS

PTENa/B are cleaved within their NTEs in vivo

We previously reported the tumor-promoting roles of PTENa/B in
liver cancer [15]. Here, in the xenografts derived from PTEN-
knockout hepatocellular carcinoma SMMC-7721 cells (SMMC-
7721APTEN) with re-expression of PTEN, PTENq, or PTENB, we
unexpectedly detected an additional band at ~ 68 kD under the
expression of PTENa or PTEN( but not PTEN by Western blot
analysis with an antibody against the C-terminus of PTEN (Fig. 1A).
This band could also be seen in xenografts derived from SMMC-
7721 cells with inducible expression of PTENa and PTEN( under
the control of a doxycycline-inducible expression system (Fig. 1B),
and in xenografts derived from human colon cancer SW620,
human lung cancer NCI-H441, human liver cancer Huh7 and
human pancreatic cancer MiaPaCa2 with stable exogenous PTENa
expression (Fig. S1A). In addition, this band was observed in
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xenografts derived from parental SMMC-7721 cells expressing
only endogenous PTENo/B (Fig. 1C). Because the molecular
weights of PTENP and this band are too close and it is especially
hard to tell them apart at their low abundant endogenous levels,
we used the previously described electrophoresis strategy [15]
that does not separate PTENa and PTENP to detect these proteins
at endogenous level here and hereafter. In contrast, the band
could not be detected in cell lysates of in vitro-cultured cell lines
from which these xenografts were derived (Fig. 1C and S1B).

To understand whether this band belongs to PTEN proteoform,
we used PTENa as a representative, and generated PTEN-knockout
SMMC-7721 cells expressing N-terminal 3xFlag (3 F)-tagged
PTENa. Unexpectedly, Western blot analysis of the xenograft
derived from this cell line showed that anti-PTEN antibody rather
than anti-Flag antibody detected this band, while anti-Flag
antibody detected another band at ~19 kD (Fig. 1D). Intriguingly,
these two additional bands could not be detected in cell lysates of
in vitro-cultured cells (Fig. 1D). These results indicate that PTENa
was cleaved in xenografts to produce a short N-terminal and a
long C-terminal fragment, which we designated respectively as
Frag" and Frag“.

Considering that the molecular weight of Frag® was ~2 kD
smaller than that of PTEN( (Fig. 1A, B), we predicted the cleavage
site to be within the range of 10 to 50 residues after the
translation initiation site of PTENP, roughly corresponding to
residues 41 to 90 in PTENa (Fig. S1C). Therefore, a series of
deletions were made to this region based on PTENa protein
sequence. Western blot analysis with xenografts expressing these
mutants showed that deletion of either residues 41-50 or 51-60
abolished PTENa cleavage (Fig. 1E). Because these two regions
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Fig.2 PTENa is efficiently cleaved in the extracellular space. A Representative image of the immunohistochemistry staining with an anti-
Flag antibody in the section of a xenograft derived from SMMC-7721APTEN cells expressing PTENa-3F. Scale bar, 50 pm. B Bacterially purified
TrxA-S-tag-Flag or TrxA-S-tag-PTENa-Flag was co-cultured with and without 293 T or SMMC-7721 cells for 4 hours in SFCM. Western blot
analysis for the indicated proteins in the SFCM was performed. C, D Western blot analysis for the indicated proteins in the WCL and SFCM of
293 T cells transfected with EV or 3F-PTEN«a (C) and PTENa-WT or PTENaA6 R tagged by 3xFlag at both ends (D). 3 F 3xFlag, WCL whole-cell

lysate, SFCM serum-free conditioned medium.

contain a polyarginine stretch (residues 47 to 52) (Fig. S1C), we
deleted this polyarginine stretch (PTENa-A6R), and found the
deleted mutant of PTENa almost completely abolished PTENa
cleavage (Fig. 1F). Moreover, single mutation of arginine 49
(PTENa-R49A) or double mutations of arginines 50 and 51 (PTENa-
R50, 51 A) was enough to phenocopy the deletion of the whole
stretch (Fig. 1F). Thus, our results demonstrate that PTENa is
cleaved at a polyarginine stretch within its NTE.

Cleavage of PTENa occurs extracellularly

Immunohistochemistry staining of xenografts derived from PTEN-
knockout SMMC-7721 cells expressing PTENa-3F with an anti-Flag
antibody not only detected positive staining in the tumor tissues,
but also in the mouse-derived stroma, indicating that PTENa-3F is
secreted by tumor cells into the extracellular space (Fig. 2A).
Considering PTENa/P fragments were only detected in xenografts
but not in in vitro-cultured cell lysates, we reasoned that the
cleavage might specifically take place in the extracellular space. To
test this, bacterially purified TrxA-S-tag-PTENa-Flag together with
TrxA-S-tag-Flag as a control were co-cultured with and without
293 T or SMMC-7721 cells for 4 h in the serum-free medium. The
results demonstrated that in the presence of 293 T or SMMC-7721,
TrxA-S-tag-PTENa-Flag but not TrxA-S-tag-Flag was significantly
cleaved into two fragments respectively detected by antibodies
against N-terminal S-tag and C-terminal Flag tag in the supernatant
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(Fig. 2B), indicating that the cleavage of PTENa could efficiently
take place in the extracellular space. To test whether this was also
true with cell-intrinsic PTENa, Flag-tagged PTENa were transfected
into 293 T cells, and whole-cell lysates (WCL), as well as serum-free
culture medium (SFCM) were collected and analyzed. The results
showed that Frag" and Frag“ together with a relatively small
amount of full-length PTENa were detected in the SFCM, while
only full-length PTENa was seen in WCL (Fig. 2C), indicating that
extracellular but not intracellular PTENa was efficiently cleaved. In
concert with the finding that PTENa-A6 R failed to generate Frag®
in xenografts (Fig. 1F), PTENa-A6 R was not cleaved in either cell
lysate or medium, although it was secreted (Fig. 2D). Taken
together, our results indicate that PTENa is cleaved in the
extracellular space with high efficiency.

PTENa is cleaved by Furin

Bioinformatic prediction proposed that the proprotein convertase
Furin is the potential enzyme targeting the polyarginine stretch of
PTENa [17]. Interestingly, Furin also exists in the extracellular space
[18]. Therefore, we hypothesized that Furin played a role on
PTENa/B cleavage. To confirm this, Flag-tagged Furin was
expressed and purified from 293T cells and incubated with
bacterially purified PTENa or PTEN. The results showed that
incubation of Furin with PTENa but not PTEN generated Frag® and
Frag", which were respectively detected by anti-PTEN antibody

SPRINGER NATURE
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Fig. 3 PTENa is cleaved by Furin. A Bacterially purified TrxA-S-tag-PTEN or TrxA-S-tag-PTENa (top) were incubated with Flag-tagged Furin
purified from 293 T cells, followed by Western blot analysis for the indicated proteins (bottom). Asterisk points to two unknown bands.
B PTEN«a was incubated with Furin as in A and the protein products were separated by electrophoresis and stained with Coomassie brilliant
blue (top). The FragN band was cut from the gel and subjected to mass spectrometry analysis after digestion by chymotrypsin. Red arrows
indicate the Furin-cleavage sites predicted from three peptides with their tandem mass spectrums shown (bottom). C gRT-PCR analysis of
FURIN mRNA (left) and Western blot analysis for Furin protein (right) in PTEN-knockout SMMC-7721 cells with and without knockdown of FURIN
by shRNA. Data are presented as the means + SEM (n = 3 independent experiments; two-tailed unpaired t-test with P value shown). D Western
blot analysis for the indicated proteins in the WCL and SFCM of 3F-PTENa-3F-expressing PTEN-knockout SMMC-7721 cells with and without
knockdown of FURIN. E, F Western blot analysis for the indicated proteins in the WCL and SFCM of 3F-PTENa-3F-expressing PTEN-knockout
SMMC-7721 cells with and without treatment by 1 pM Hexa-D-arginine (E), and overexpression of V5-tagged Furin (F). G Representative
images of EGFP-tagged PTENa and mCherry-tagged Furin co-transfected in 293 T or PTEN-knockout SMMC-7721 cells with re-staining of DAPI.
Scale bar represents 10 pm. 3 F 3xFlag, WCL whole-cell lysate, SFCM serum-free conditioned medium, NC negative control.

and an antibody recognizing the S-tag fused to the N-terminus of cleavage of extracellular PTENa (Fig. 3D). In line, treatment with
PTENa (Fig. 3A). Mass spectrometry analysis of the Frag" Furin inhibitor hexa-D-arginine [19] showed the similar effect
confirmed that it matched with the N-terminus of PTENa which (Fig. 3E). On the contrary, exogenous transfection of Furin, which
ended within the polyarginine stretch (Fig. 3B). increased intracellular Furin and its level in the extracellular space,

Next, we knocked down FURIN in 3F-PTENa-3F-expressing PTEN- further enhanced the cleavage of extracellular PTENa (Fig. 3F).
knockout SMMC-7721 cells. The knockdown efficiency was verified These results confirmed the involvement of Furin in PTENa
by both quantitative real-time PCR and Western blot analysis cleavage at the cellular level. Collectively, we identified Furin to be
(Fig. 3C). As expected, FURIN knockdown greatly reduced the responsible for PTENa cleavage in the extracellular space.

SPRINGER NATURE Cell Death and Disease (2022)13:532
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Fig.4 PTENa/p are secreted through two elements in their NTEs. A, B Western blot analysis for the indicated proteins in the WCL and SFCM

of 293 T cells expressing indicated 3F-PTENa-3F derivatives or 3F-PTENB-3F (A

) and indicated PTENp derivatives (B). C Schematics of N146-

EGFP fusion protein (top). Western blot analysis for the indicated proteins Wlth an anti-GFP antibody in 293 T cells expressing EGFP or N146-
EGFP (bottom). D Western blot analysis for the indicated proteins in 293 T cells expressing EGFP or N146-EGFP derivatives. E Western blot
analysis for the indicated proteins in the WCL and SFCM of 293 T cells expressing indicated PTEN« derivatives. WCL whole-cell lysate, SFCM

serum-free conditioned medium, 3 F 3xFlag.

To investigate why intracellular PTENa is not cleaved by Furin,
we examined the intracellular localizations of PTENa and Furin.
As shown in Fig. 3G, while PTENa shows predominant nuclear
localization as we previously reported [15], Furin manifests a
condensed localization in the cytoplasm, which conforms its
localization in the Golgi apparatus as previously reported [20].
The lacking of intracellular co-localization between PTENa and
Furin probably explains why intracellular PTENa/f cannot be
cleaved by Furin.

PTENa/B are secreted through two elements in their NTEs

The initial report used SignalP to predict that residues 1-22 in the
NTE of PTENa (N173) is a secretion signal peptide [6]. Based on
this, they generated the PTENaA6A mutant with deletion of 6
alanines in the predicted signal peptide to disrupt PTENa
secretion [6] (Fig. S1C). However, here we show that PTENaA6A
could still be efficiently secreted and extracellularly cleaved
(Fig. 4A). On the other hand, PTEN does not contain this putative
secretion signal peptide, but it was still secreted and cleaved at
the polyarginine stretch with an efficiency similar to that of PTENa
(Fig. 4A, B). Moreover, when the NTE of PTEN[3 (N146) was fused to
EGFP, the resultant N146-EGFP but not EGFP alone was secreted
and cleaved (Fig. 4C), indicating the existence of secretion signal
sequence(s) in N146. To locate these secretion signal sequence(s),
we used PSIPRED to predict the secondary structure of N146,
which revealed that the residues 39-40, 65-72, 75-84, 98-108,
112-123, and 126-141 might respectively be folded and form a-
helixes. We then established a series of constructs with deletion of
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these residues on the basis of N146-EGFP (Fig. S2A), and found
that the deletion of either residues 98-108 or 112-123 greatly
reduced the secretion of N146-EGFP (Fig. 4D). Likewise, deletion of
sequences in PTENa corresponding to these two fragments,
residues 125-135 and 139-150, also significantly inhibited PTENa
secretion (Fig. 4E). Thus, we identified two elements in PTENa/p
NTEs to be crucial for their secretion. Of note, these two elements
were not predicted to be signal peptide by SignalP (Fig. S2B),
raising the possibility that they might not guide secretion through
conventional protein secretion pathway.

The C-terminal fragment of PTENa/f exerts a tumor-
suppressive role in vivo

To learn whether and how cleavage affected the behavior of
PTENa/B, we focused on Frag®, which is longer than Frag" and is
generated by both PTENa/B proteins. To address whether Frag®
was capable of entering the cell, Frag® (PTENa aa 53-576) as well
as wild-type PTENa (PTENa-WT) and PTENa-A6 R were bacterially
purified (Fig. 5A), and labeled by amine-reactive fluorescent
Alexa Fluor 647 dye. After treating SMMC-7721APTEN cells with
these proteins for 20 h, no sign of cell entry for all three proteins
was observed (Fig. S3A). In contrast, when they were delivered
with the help of PULSin, a commercial and highly effective
protein delivery reagent in living cells [21], fluorescent proteins
could be observed in the cells (Fig. S3A). Western blot analysis of
corresponding cell lysates confirmed failure of PTENa derivatives
in cell entry without delivery by PULSin (Fig. S3B). We also used
the culture medium of 293T cells expressing EGFP-tagged
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Fig.5 The C-terminal fragment of PTENa exerts a tumor-suppressive role. A HSA and bacterially purified PTENa derlvatlves were visualized
by Coomassie blue staining. B, C PTEN- knockout SMMC-7721 cells were subcutaneously injected into nude mice (1.5 x 10° cells per mouse).
After tumors reached approximately 100 mm? in volume, HSA and PTENa derivatives were intratumorally injected (10 ug/day for 6 days) and
tumor volumes were monitored (B). Two tumors from each group were randomly selected for Western blot analysis for the indicated proteins
(C). Data in B are presented as the mean + SEM, n =5 biologically independent samples. Statistical significance was determined by two-way
ANOVA with P values shown. D-H PTEN-knockout SMMC-7721 cells expressing EV or PTENa derivatives (D) were subcutaneously injected into
nude mice (1.5 x 10° cells per mouse) and tumor volumes were measured at different days (E). On day 18 after subcutaneous injection, tumors
were harvested, photographed (F) and weighted (G), and two tumors from each group were randomly selected for Western blot analysis for
the indicated proteins (H). Data in E and G are presented as the mean + SEM, n = 6 biologically independent samples. Statistical significance
was determined by two-way ANOVA (E) and two-tailed unpaired t-test (G) with P values shown. HSA Human Serum Albumin, EV empty vector.

PTENa-WT or PTENa-A6 R to treat SMMC-7721APTEN cells. While
both protelns were efficiently expressed in 293 T cells, EGFP-
tagged Frag® and PTENa-A6 R were respectively detected in the
culture mediums (Fig. S3C, D). However, after treating SMMC-
7721APTEN cells with these mediums, no trace of EGFP-tagged
proteins was detected in SMMC-7721APTEN cells (Fig. S3D, E).
Thus, our results indicate that both full-length PTENa and its
cleaved C-terminal fragment cannot enter cells.

We then investigated how extracellular Frag® impacted
tumorigenesis and whether it behaved differentially to uncleaved
PTENa. For this purpose, purified PTENa-WT, PTENa-A6 R, and
Frag® were injected into xenografts derived from SMMC-
7721APTEN cells, with human serum albumin (HSA) as a control.
The results showed that treatment with Frag® potently inhibited
tumor growth (Fig. 5B). In accordance, PTENa- WT, which was
efficiently processed into Frag® in the tumors Cg , also
inhibited tumor growth to the similar degree as Frag (F|g SB In
contrast, PTENa-A6 R, which failed to generate Frag® (Fig. 5C),
showed no effect on tumor growth (Fig. 5B). All these results
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indicate that Frag® rather than full-length PTENa plays a tumor-
suppressive role in the extracellular space. In addition, treatment
by all three forms of PTENa did not affect the phosphorylation
level of tumoral AKT (Fig. 5C), which is in concert with their
inability to enter the cell.

Cleavage-resistant PTENa mutants present enhanced tumor-
promoting role

Previously, we reported that overexpression of PTENa/B in
SMMC7721APTEN cells promotes tumorigenesis [15]. Hence, we
wondered what role extracellular PTENa played in this process. For
this purpose, SMMC7721APTEN cells were ectopically expressed
with PTENa-WT or three cleavage-resistant PTENa mutants,
PTENa-R49A, PTENa-R49K, and PTENa-3RK (with R—K mutation
of residues 49, 50, 51 together) (Fig. 5D). These cleavage-resistant
mutants of PTENa showed similar nuclear localization (Fig. S3F)
and interaction with WDR5 to PTENa-WT (Fig. S3G). Then, these
cells were subcutaneously inoculated into nude mice. In
accordance with our previous report [15], compared to empty
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vector, overexpression of PTENa-WT enhanced tumorigenesis, as
evidenced by increases in tumor volume and tumor weight
(Fig. 5E-G). Intriguingly, all cleavage-resistant mutants of PTENq,
which manifested no cleavage during tumor growth (Fig. 5H),
showed stronger tumor-promoting effects than that of wild-type
PTENa (Fig. 5E-G). These findings suggest that PTENa mutants
failing to generate Frag® lose their tumor-suppressive roles in the
extracellular space, leading to the manifestation of stronger
intracellular tumor-promoting roles.

Cleavage of PTENa/p is inhibited in liver cancer tissues

We then examined the cleavage of PTENa and PTENP in liver
cancer samples. For this purpose, 20 liver cancer samples with
paired tumor and normal tissues (Supplemental Spreadsheet 1)
were subjected to Western blot analysis. As mentioned above, for
detection of endogenous PTENa, PTENB and FragS, an optimized
electrophoresis strategy was employed, which failed to separate
PTENa and PTENB but well separated Frag® from them. The band
of unseparated PTENa and PTENP was designated as PTENa/3,
and we found that the band corresponding to Frag® was actually
the unknown band we detected in liver cancer samples in our
previous study [15]. Compared to normal tissues, PTEN tended to
be downregulated in tumor tissues, whereas PTENa/f tended to
be upregulated (Fig. 6A, B), a phenomenon that had been
described in our previous report [15]. Interestingly, the level of
Frag® showed a downregulated trend in tumor tissues compared
to paired normal tissues (Fig. 6A, B). We then calculated the
percentage of Frag® to total PTENa/p (the total amount of Frag®
and full-length PTENa/P) to represent the efficiency of PTENa/
cleavage in each sample, and showed that the efficiency of
PTENo/B cleavage was reduced (fold change >1.5) in 16 out of 20
tumor tissues compared to paired normal tissues (Fig. 6C).
Consistent with the reduced level of Frag or efficiency of
PTENa/B cleavage in tumor tissues, the expression of Furin was
also downregulated (Fig. 6A, B). Downregulated expression of
FURIN mRNA in tumor tissues was also observed in liver cancer
data sets (Fig. 6D), and low FURIN expression predicted poorer
overall survival of patients with liver cancer (Fig. 6E).

DISCUSSION

By the identification of an unknown form of PTENa and PTENf
observed in cell line-derived xenograft, here we show that, after
secretion, PTENa/f are extracellularly cleaved at a polyarginine
stretch within their NTEs by the Furin to generate two fragments,
Frag" and Frag®. A previous systematic analysis of the PTEN 5’
leader indicates the existence of multiple N-terminally extended
PTEN proteoforms, including PTEN-N besides PTEN-L (PTENa), -M
(PTENB) and -O (PTENg) [10]. PTEN-N appears to have a similar
molecular weight as Frag®. However, their amino acid sequences
initiate from different positions. While PTEN-N initiates at Leu43
(based on the protein sequence of PTENa) [10], Frag® begins
after Arg47 within the polyarginine stretch cleaved by Furin.
Although the secretion of PTENa has been previously reported
[6], we failed to validate the previously proposed secretion signal
sequence of PTENa [6]. Especially, this sequence is not included
in the amino acid sequence of PTENP, which was similarly
secreted and cleaved in the extracellular space as PTENa.
Instead, we identified two elements that are present in both
PTENa and PTENP and are crucial for their efficient secretion.
Once secreted, due to the high efficiency of Furin-mediated
cleavage, both PTENa and PTENB mainly existed extracellularly
as fragments, which was not observed in the previous study [6].
By directly treating tumors with different forms of PTENg, our
results showed that the C-terminal fragment instead of the
uncleaved full-length PTENa exerts a tumor-suppressive role,
emphasizing the critical role of Furin-mediated cleavage for
PTENo/B to be functional. Finally, unlike the previous report

Cell Death and Disease (2022)13:532

C. Zhang et al.

showing that secreted PTENa was taken up directly by other cells
to antagonize PI3K signaling and induced tumor cell death [6],
our results failed to show cell entry of either full-length PTENa or
the C-terminal fragment, or their impact on phosphorylation
level of AKT. This is also compatible with our finding that the
polyarginine stretch of PTENa is efficiently cleaved and disrupted
in the extracellular space, resulting in Frag® which lacks this
polyarginine stretch, while this polyarginine stretch was reported
to be a cell-penetrating signal sequence that enabled secreted
PTENa to enter other cells [6]. Thus, our results indicate that
Frag® exerted its tumor-suppressive role in the extracellular
space without entering the cells, although the underlying
mechanisms remain to be explored. Of note, because there is
no difference in the tumor-suppressive effects between wild-
type PTENa (which is cleaved to generate both Frag" and Frag®)
and Frag“, we postulate that Frag" did not play a role in
tumorigenesis here.

Considering that genomic alterations such as mutation,
deletion or amplification of the PTEN gene are not frequently
observed in liver cancer [22], and liver cancer is one of the most
prevalent life-threatening diseases in China [23], this cancer was
chosen to study the function of PTENa/B. Previously, we
proposed a tumor-promoting role of PTENa/B, which was
dependent on its association with WDR5 in the nucleus [15].
Through the findings of this study, we propose a model that the
overall role of PTENa in tumorigenesis is an additive effect of its
intracellular tumor-promoting role and its extracellular tumor-
suppressive role. The result of their wrestling decides whether
PTENa manifests a tumor-promoting or tumor-suppressive role.
We show that in liver cancer tissues, these two opposite roles of
PTENa are differentially regulated in a way that favors tumor
progression. While the intracellular tumor-promoting effect of
PTENa is enhanced by the increased protein stability of PTENa
resulted from the decreased expression of E3 ligase FBXW11 and
increased expression of deubiquitinase USP9X as we previously
reported [15], the extracellular tumor-suppressive role of PTENa
was attenuated by the reduced generation of Frag®. Based on
this, we reason that the role of PTENa in tumorigenesis might
differ among different cellular contexts or cancer types,
depending on the strength of its intracellular and extracellular
roles and how they are regulated.

Proteolytic cleavage regulates numerous processes in health and
disease. One key player is the ubiquitously expressed serine
protease Furin, a prototypical and best-characterized member of
the evolutionary ancient family of serine proteases known as the
proprotein convertases subtilisin/kexin type (PCSK) [24]. Furin is
localized in the trans-Golgi network and endosome compartments,
at the cell surface and in the extracellular space [18, 20, 25, 26],
which enables it to process a large variety of intra- and extracellular
substrates including cytokines, hormones, growth factors and
receptors in mammals [24], by cleaving them at polybasic
recognition motifs [27]. We showed that Furin cleaved PTENa
almost solely in the extracellular space, and the cleavage could not
be detected in the cell. Visualization of intracellular PTENa and
Furin revealed that the two are not in the same intracellular
compartment, which might cause Furin to be unable to cleave
intracellular PTENa.

Furin dysregulation, caused either by variations in Furin
expression levels, enzymatic activity and/or cellular localization or
even mutations in the cleavage site of a single Furin target protein,
may have detrimental effects and is associated with a variety of
disorders including cancer [20, 28-30]. However, the relative
contribution of individual Furin substrate to tumor progression
remains largely unclear. In agreement with its tumor-suppressive
role, PTENa cleavage is substantially inhibited in liver cancer tissues
compared to normal tissues, which might be partially attribute to
the down-regulation of Furin in liver cancer tissues. Aberrant high
expression or activation of Furin has been reported to promote the

SPRINGER NATURE



C. Zhang et al.

A 1 2 3 4 5 6

N T NTNTNTNTNT

N T

—
—

: [“FragC
55 ‘-—.-.—.-.. <«PTEN
S I=—p——— Jg - " - «Furin
t" e s .
- T N N N —" | | m———— — ———————— «B-actin
12 13 14 15 16 17 18 19 20 c P<0.0001
N TNT NTNTNTNTNTNTNT 1.0
=- PTENa,
2 =Lw‘ nd hend ¥ T heud “..FFrag "
<b-—- ’ ‘.—-———-—---—-——%PTEN
95| = W G — e '*-'!*Furln %L
=
w
43|V S —— ——'———'——---~-——<—B-actin %
<
g
[
k]
k<!
e L 4 e e "
_|
. | [ | PTENa/B 15>
J PTEN 10 5
Frag® L o5 3
- - . Furin lo‘o
xR O PRI AR APPSR
D TCGA-LIHC GSE14520 E TCGA-LIHC GSE14520
1 121 100 100
= ! . X =
E o 1 : < 380 < g0
a o S S
L S 81 = 2
) 3 Z 60 2 601
2 6 Z 6 2 ?
= He 5 & g 407 p < 0.0001 5 401 p=3.4x10°
S s : & 20{~ FURINHigh(n=204) § 20{~— FURINHigh (n=134)
= pe2.0x10% 21 P <0.0001 & -~ FURIN Low (n=161) = -~ FURIN Low (n= 87)
. 0 0
4 0 . . 0 12 24 36 48 60 0 12 24 36 48 60
N 1 N T Time (month) Time (month)
n=50 n=371 n=220 n=221

Fig. 6 Cleavage of PTENa/B is inhibited in liver cancer tissues. A-C 20 liver cancer samples with paired tumor and normal tissues were
subjected to Western blot analysis for the indicated proteins (A). The intensities of the blot bands were quantified by Image J, normalized to
that of corresponding p-actin, and the T/N ratio of each protein for each patient was calculated and shown as a clustered heatmap (B). The
efficiency of PTENa/p cleavage was calculated as the ratio of Frag® versus total PTENa/p (Frag® + full-length PTENa/p) for each sample and
compared between the tumor and normal tissue for each patient (C). Statistical significance was determined by two-tailed paired t-test with
P values shown. D Scatterplot analysis of FURIN expression between tumor tissues and non-tumor tissues in TCGA LIHC and GEO GSE14520
data sets. Statistical significance was determined by Mann-Whitney U test (two-sided) with P values shown. E Kaplan-Meier plot of overall
5-year survival of patients with high or low expression of FURIN in the tumor tissues of TCGA LIHC and GEO GSE14520 data sets. Statistical

significance was determined by Log-rank test (two-sided).

formation and progression of various malignancies including colon
carcinoma, head and neck cancers, lung, skin and brain tumors
[31]. However, we found that Furin was downregulated in liver
cancer tissues compared to paired normal tissues and low FURIN
expression predicted poor prognosis of liver cancer patients. In
agreement with our findings, it has been reported that liver-
specific inactivation of Furin leads to increased hepatocellular
carcinoma growth [32], and Furin overexpression suppresses tumor
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growth and predicts a better postoperative disease-free survival in
hepatocellular carcinoma [33].

By focusing on the NTE-dependent processing of extracellular
PTENa/B, this study not only proposes a model that reconciles the
paradoxical roles of extracellular and intracellular PTENa in tumor-
igenesis, but also provides more precise guidelines for therapeutic
uses of PTENa as proposed previously [6], by revealing the tumor-
suppressive role its C-terminal fragment in the extracellular space.
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MATERIALS/SUBJECTS AND METHODS
Key resource table

PQCXIN-PTENa-R47A-3xFlag This Paper N/A
PQCXIN-PTENa-R49A-3xFlag This Paper N/A
REAGENT or RESOURCE SOURCE IDENTIFIER
PQCXIN-3xFlag-PTENa-3xFlag This Paper N/A
Antibodies
PQCXIN-3xFlag-PTENa-3xFlag (A6R) This Paper N/A
Rabbit anti-PTEN CSsT Cat#9559;
RRID: PQCXIN-3xFlag-PTENa-3xFlag (A6A) This Paper N/A
AB_390810 i
PQCXIN-PTENa-3xFlag (A66-67) This Paper N/A
Rabbit anti-B-actin MBL Cat# PMO053- i
7: RRID: PQCXIN-PTENa-3xFlag (A92-99) This Paper N/A
WERIOC0ES PQCXIN-PTENG-3xFlag (A102-111) This Paper N/A
WoUER ETHALAC agma- ot ABS9Z: PQCXIN-PTENG-3xFlag (A125-135) This Paper N/A
AB_439702 PQCXIN-PTENa-3xFlag (A139-150) This Paper N/A
Rabbit anti-GFP Abcam Cat# Y N _ :
ab183734; PQCXIN-PTENa-3xFlag (A153-168) This Paper N/A
RRID: PQCXIN-3xFlag-PTENB This Paper N/A
AB_2732027
. . PQCXIN-3xFlag-PTENB-A6R This Paper N/A
Rabbit anti-Akt (pan) CST Cat#4691;
RRID: PQCXIN-3xFlag-PTENB-3xFlag This Paper N/A
AB_915783
PET-32a-TrxA-S-tag-PTEN This Paper N/A
Rabbit anti-Phospho-Akt (Ser473) CST Cati# 4060;
RRID: pET-32a-TrxA-S-tag-PTENa This Paper N/A
AB_2315049
PET-32a-TrxA-S-tag-PTENa—A6R This Paper N/A
Rabbit anti-V5 Abcam Cati# c
ab182008 PET-32a-TrxA-S-tag-PTENa—Frag This Paper N/A
Rabbit anti-WDR5 Abcam Cat# PET-32a-TrxA-S-tag-Flag This Paper N/A
ab178410 i
pET-32a-TrxA-S-tag-PTENa-Flag This Paper N/A
Mouse anti-S-tag Beyotime Cat# AF0285 X i
pLVX-Puro-Furin-Flag This Paper N/A
Rabbit anti-Furin Abcam Cati#t . .
ab183495 pLX304-Furin-V5 This Paper N/A
Recombant DNA PEGFP-N1-PTENa This Paper N/A
pLVX-IRES-ZSGREEN1-PTENal This Paper N/A PEGFP-N1-PTENaR49A This Paper N/A
pLVX-IRES-ZSGREEN1-PTENB This Paper N/A PEGFP-N1-PTENaR49K This Paper N/A
pLVX-IRES-ZsGREEN1-PTEN This Paper N/A PEGFP-N1-PTENa3RK This Paper N/A
PLVX-IRES-ZsGREEN1-PTENG-R49K This Paper N/A PEGFP-N1-PTENa—A6R This Paper N/A
pLVX-IRES-ZsGREEN1-PTENa-R49A This Paper N/A Chemicals, peptides, and recombinant proteins
pLVX-IRES-ZsGREEN1-PTENa-3RK This Paper N/A TrxA-S-tag-PTEN This Paper N/A
pLVX-IRES-ZSGREEN1-EGFP This Paper N/A TrxA-S-tag-PTENa This Paper N/A
pLVX-IRES-ZSGREEN1-N146-EGFP This Paper N/A TrxA-S-tag-Flag This Paper N/A
pLVX-IRES-ZSGREEN1-N146-EGFP(A39-40) This Paper N/A TrxA-S-tag-PTENa-Flag This Paper N/A
PLVX-IRES-ZSGREEN1-N146-EGFP(A65-72) This Paper N/A PTENa This Paper N/A
PLVX-IRES-ZSGREEN1-N146-EGFP(A75-84) This Paper N/A PTENaAG6R This Paper N/A
PLVX-IRES-ZSGREEN1-N146-EGFP(A98-108) This Paper N/A PTENa-Frag*® This Paper N/A
PLVX-IRES-ZSGREEN1-N146-EGFP(A112-123) This Paper N/A REAGENT or RESOURCE SOURCE IDENTIFIER
PLVX-IRES-ZSGREEN1-N146-EGFP(A126-141) This Paper N/A HSA Sino Cat# 10968~
Biological HNAY
PQCXIN-3xFlag-PTENa This Paper N/A .
T4 DNA Ligase New Eng- M0202T
PQCXIN-PTENa-3xFlag This Paper N/A land Biolabs
PQCXIN-PTENa-3xFlag (A41-50) This Paper N/A TRIzol™ Reagent Thermo Cat#
15596026
pPQCXIN-PTENa-3xFlag (A51-60) This Paper N/A
MMLYV reverse transcription reagent Promega Cat# M1705
PQCXIN-PTENa-3xFlag (A61-70) This Paper N/A
NEBuilder HiFi DNA Assembly Master Mix New Eng- E2621L
PQCXIN-PTENa-3xFlag (A71-80) This Paper N/A land Biolabs
PQCXIN-PTENa-3xFlag (A81-90) This Paper N/A Oligonucleotides
P H a-3XFlag IS Paper S targetlng sequence: Is Paper
QCXIN-PTENa-3xFlag (A6R) This P N/A hFURIN i This P N/A
GGCCTTCATGACAACTCATTC
PQCXIN-PTENa-R47,49K-3xFlag This Paper N/A
FURIN (F)-QPCR primer This Paper N/A
PQCXIN-PTENa-R50,51K-3xFlag This Paper N/A GAGCCCAAAGACATCGGGAA
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FURIN (R)-QPCR primer This Paper N/A
GCCACGGCGATTATAGGACA
GAPDH (F)-QPCR primer This Paper N/A
GAAGGTGAAGGTCGGAGTCAA
GAPDH (R)-QPCR primer This Paper N/A
GCTCCTGGAAGATGGTGATG
sgPTEN targeting sequence: This Paper N/A
AAACAAAAGGAGATATCAAG
Experimental models: cell lines
Homo sapiens: 293 T Cell Bank of GNHu17
Chinese
Academy of
Sciences
Homo sapiens: SMMC-7721 Cell Bank of TCHu 52
Chinese
Academy of
Sciences
Homo sapiens: SW620 Cell Bank of TCHu101
Chinese
Academy of
Sciences
Homo sapiens: HuH-7 Cell Bank of TCHu182
Chinese
Academy of
Sciences
Homo sapiens: MiaPaCa2 Cell Bank of SCSP-568
Chinese
Academy of
Sciences
Homo sapiens: H441 ATCC HTB-174
Software and Algorithms
GraphPad Prism, Version 7.0.0 for windows GraphPad https://www.
graphpad.
com
Image J NIH, USA https://
imagej.nih.
gov/ij

Human cell lines

293 T, SMMC-7721, HuH-7, and MiaPaCa2 cells were maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with
10% fetal bovine serum (FBS). SW620 and NCI-H441 were
maintained in RPMI-1640 supplemented with 10% FBS. No signs
of mycoplasma contamination were found for all cell lines. Short
tandem repeat profiling was used for cell line authentication.

Mouse studies

A total of 1x10° cells in 100l serum-free media were
implanted subcutaneously into 4-6 weeks old female nude
mice (Shanghai Laboratory of Animal Center, Chinese Academy
of Sciences) and tumor volume was assessed by calipers.
Volumetric measurements were made using length x (width)?/
2. According to animal care and enforcement, the largest
subcutaneous tumor mass on one flank was less than 1 cm®.
Animal care and experiments were in agreement with all of the
animal research-related ethical regulations under the approve-
ment of the committee for humane treatment of animals at
Shanghai Jiao Tong University School of Medicine.

Human samples

Human samples were obtained with informed consent from
human tissue bank of Renji Hospital of Shanghai Jiao Tong
University School of Medicine (SJTU-SM) under approval of the
Medical Ethic Committee of SJTU-SM. Information on samples of
liver cancer patients are shown in Supplemental Spreadsheet 1.
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Plasmids construction

The PTEN, PTENa and PTENB were PCR amplified from cDNA and
inserted into pLVX-IRES-ZsGREEN1, pQCXIN or pEGFP-N1 expres-
sion vectors. Mutagenesis or truncations were formed by PCR.
PTEN and PTENa were inserted into pET-32a vector for protein
purification. The Furin plasmids were purchased from Core Facility
of Basic Medical Sciences, Shanghai Jiao Tong University School of
Medicine. The oligonucleotides for shRNA targeting FURIN were
cloned into pLKO.1-Puro vectors. The empty pLKO.1-Puro vector
was used as a negative control.

Immunoprecipitation

The cells were collected and washed in cold 1 x PBS and lysed
using RIPA (Millipore) with 1 mM PMSF, and 1 X protease inhibitor
cocktail (Calbiochem) as per manufacturer’'s protocol after
transfection. The whole-cell lysates were incubated for 4h at
4 °C with anti-Flag M2 Affinity Gel or GFPTrap (ChromoTek) in ratio
recommended by manufacturer for immunoprecipitation.

Western blot

For detection of most proteins, protein extracts were separated
by SurePAGE, Bis-Tris, 4-12% gel (GenScript). Specifically, for
the detection of endogenous Frag®, 10% SDS-PAGE was used.
After separation, proteins were transferred to nitrocellulose
membrane (Bio-Rad, Richmond, CA), blocked by 5% nonfat milk
for 1h at room temperature and sequentially incubated in
primary antibody in 2% BSA overnight at 4 °C. The following
day, blots were washed in TBST and incubated in horseradish
peroxidase (HRP)-linked secondary antibody (Cell Signaling,
Beverly, MA) in 2% BSA for 1 h at room temperature. Immobilon
Western Chemiluminescent HRP substrate kit (Merck Millipore)
was used for detection. Full and uncropped Western blots are
provided in Original Data File.

Transfection and Secretion determination

Transfection of DNA constructs into 293 T and SMMC-7721 cells
was performed using jetPRIME (Polyplus) according to the
manufacturer’s protocols. For determination of protein secretion,
cells were replaced with DMEM for 16 hours. The medium was
filtered through a 0.22 pum filter before being concentrated by a 3
kD Amicon filter (Millipore) and cell lysate was collected.

Protein expression and Purification

Recombinant PTEN, PTENa or its derivatives were expressed in
Escherichia coli Rosetta2 (DE3) (TSINGKE) using the pET-32a
vector expression system. After induction for 18 hours with
0.1 mM IPTG at 18 °C, the cells were harvested by centrifugation
and the pellets were resuspended in lysis buffer (25 mM Tris-
HCI, pH 7.5, 500 mM NaCl, 10% glycerol, 1 mM PMSF, 5 mM
benzamidine, 1 pg/mL leupeptin and 1 ug/mL pepstatin). The
cells were then lysed by sonication and the cell debris was
removed by ultracentrifugation. The supernatant was mixed
with BeyoGold™ His-tag Purification Resin (Beyotime) and
rocked for 2 hours at 4 °C before elution with 300 mM imidazole.
The N terminus tag of the proteins intratumorally injected were
removed through protease 3 C digestion. The proteins were
further purified by gel-filtration chromatography equilibrated
with 25 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1T mM DTT. The
purified proteins were concentrated by centrifugal filtrations
(Millipore), then stored in aliquots at —80 °C.

In vitro cleavage of PTENa with Furin

The recombinant forms of PTEN and PTENa with N-terminal
TrxA-S-tag were expressed in Escherichia coli Rosetta2 (DE3)
(TSINGKE) and purified using BeyoGold™ His-tag Purification
Resin (Beyotime). Furin-Flag was purified with Anti-Flag M2
Affinity Gel from 293 T cells. For cleavage assay, purified Furin-
Flag was incubated with PTEN or PTENa separately in cleavage
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buffer (25 mM Tris-HCI, 150 mM NacCl, 2.5 mM CaCl,, pH 7.4) for
1hat37°C.

Mass spectrometry

For in vitro PTENa cleavage site identification experiments, the
purified Furin-Flag was incubated with bacterially purified PTENa
in cleavage buffer for 1 h at 37 °C, then the proteins were loaded
on SurePAGE, Bis-Tris, 4-12% gel (GenScript). After Coomassie
blue staining, gel slices with a molecular weight corresponding to
Frag" were digested in-gel by chymotrypsin (Promega) overnight
at 25 °C. The extracted peptides were desalted by ziptip C18 and
dried by vacuum centrifugation, and dissolved to 10 ul of 2% ACN
and 0.1% formic acid. The peptides identification was performed
on an Orbitrap Fusion LUMOS mass spectrometer (Thermo Fisher
Scientific) connected to an Easy-nLC 1200 via an Easy Spray
(Thermo Fisher Scientific). The peptides were loaded onto a self-
packed analytical PicoFrit column with integrated spray tip (New
Objective, Woburn, MA, USA) (75 um x 15 cm length) packed with
ReproSil-Pur 120A C18-AQ 1.9 um (Dr. Maisch GmbH, Ammer-
buch, Germany) and separated within a 60 minutes linear gradient
from 95% solvent A (0.1% formic acid/2% acetonitrile/98% water)
to 28% solvent B (0.1% formic acid/80% acetonitrile) at a flow rate
of 300 nl/min at 50 °C. The mass spectrometer was operated in
positive ion mode and employed in the data-dependent mode
within the specialized cycle time (25) to automatically switch
between MS and MS/MS. One full MS scan from 350 to 1500 m/z
was acquired at high resolution R= 120,000 (defined at m/z=
400); MS/MS scans were performed at a resolution of 30,000 with
an isolation window of 1.6Da and higher energy collisional
dissociation (HCD) fragmentation with collision energy of 30%
+/— 5. Dynamic exclusion was set to 30s. All MS/MS ion spectra
were analyzed using PEAKS 10.6 (Bioinformatics Solutions) for
processing, de novo sequencing and database searching. Result-
ing sequences were searched against the PTENa sequence with
mass error tolerances of 10 ppm and 0.02 Da for parent and
fragment, respectively, the digest mode specified as Chymotrypsin
digestion, and Carbamidomethylation of Cysteine (C+ 57.02)
specified as fixed modifications and Oxidation of methionine (M
+15.99) as variable modification. FDR estimation (<1%) was
enabled. Peptides were filtered for —10log P> 20 (P < 0.01).

CRISPR-Cas9

For the generation of PTEN-knockout cell lines in 293 T or SMMC-
7721, the cells were transfected with LentiCRISPR v2 containing
PTEN targeting sequence (sgRNA targeting sequence: ACAAAAG-
GAGATATCAAGAGG). Puromycin was used to select positive cells.
Then the cells were diluted and single colonies were isolated. The
effect of gRNA was detected by Western blot. PCR and sequencing
were used to confirm homozygous editing of the gene loci.

Human liver cancer samples

Human samples were used for Western blot analysis. Quantification
of protein bands was performed using Imagel software. The
diagnosis of normal tissue or liver cancer was confirmed by
independent pathologists based on histological findings. All
experiments were performed with informed consent obtained
from all subjects with the approval of the Medical Ethic Committee
of Shanghai Jiao Tong University School of Medicine Review Board.

qRT-PCR

Total RNA from indicated cells was extracted with Trizol
(Invitrogen) according to the manufacturer’s protocol. RNA was
digested with DNase | (Promega), reverse transcribed to cDNA
using random primers (Takara) and M-MLV Reverse Transcriptase
(Promega, Fitchburg, WI), followed by gRT-PCR with the SYBR
Green PCR Master Mix (Applied Biosystems, Foster City, CA).
Expression levels of each gene were normalized to GAPDH and
calculated relative to the control.
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Protein labeling and delivery

The recombinant forms of PTEN and PTENa derivatives were labeled
by Alexa Fluor 647 protein labeling system (Invitrogen) according to
manufactory’s instruction. The fluorescein-conjugated protein was
complexed with PULSin for 15min and added to PTEN-knockout
SMMGC-7721 cells. Cells are observed by Nikon Eclipse Tl Laser
Scanning Microscope after 20 h.

Tumor treatment

Once tumors reached 50-100 mm?>, the mice were randomized
into four groups. PTENa or its derivatives or HSA (10 ug/100 pL)
were intratumorally injected once/day for 6 days. Tumor volume
was assessed by calipers.

Quantification and statistical analysis

The ways of quantification of each experiment have been
provided in the Method Details. The statistical information of
each experiment, including the statistical methods, the P values
and numbers (n), were shown in the figures and corresponding
legends.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

DATA AVAILABILITY

All data are available in this manuscript and supplementary files. Further information
and requests for resources and reagents should be directed to and will be fulfilled by
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REFERENCES

1. Lee YR, Chen M, Pandolfi PP. The functions and regulation of the PTEN tumour
suppressor: new modes and prospects. Nat Rev Mol Cell Biol. 2018;19:547-562.

2. Naderali E, Khaki AA, Rad JS, Ali-Hemmati A, Rahmati M, Charoudeh HN. Reg-
ulation and modulation of PTEN activity. Mol Biol Rep. 2018;45:2869-81.

3. Shen SM, Ji Y, Zhang C, Dong SS, Yang S, Xiong Z, et al. Nuclear PTEN safeguards
pre-mRNA splicing to link Golgi apparatus for its tumor suppressive role. Nat
Commun. 2018;9:2392.

4. Ge MK, Zhang N, Xia L, Zhang C, Dong SS, Li ZM, et al. FBX022 degrades nuclear
PTEN to promote tumorigenesis. Nat Commun. 2020;11:1720.

5. Misra S, Ghosh G, Chowdhury SG, Karmakar P. Non-canonical function of nuclear
PTEN and its implication on tumorigenesis. DNA Repair (Amst). 2021;107:103197.

6. Hopkins BD, Fine B, Steinbach N, Dendy M, Rapp Z, Shaw J, et al. A secreted
PTEN phosphatase that enters cells to alter signaling and survival. Science.
2013;341:399-402.

7. Liang H, Chen X, Yin Q, Ruan D, Zhao X, Zhang C, et al. PTENbeta is an alter-
natively translated isoform of PTEN that regulates rDNA transcription. Nat
Commun. 2017;8:14771.

8. Zhang QL, Liang H, Zhao XY, Zheng L, Li YQ, Gong JJ, et al. PTEN epsilon sup-
presses tumor metastasis through regulation of filopodia formation. EMBO J
2021;40:¢105806.

9. Liang H, He S, Yang J, Jia X, Wang P, Chen X, et al. PTENalpha, a PTEN isoform
translated through alternative initiation, regulates mitochondrial function and
energy metabolism. Cell Metab. 2014;19:836-48.

10. Tzani |, Ivanov IP, Andreev DE, Dmitriev RI, Dean KA, Baranov PV, et al. Systematic
analysis of the PTEN 5’ leader identifies a major AUU initiated proteoform. Open
Biol. 2016;6:150203.

11. Kearse MG, Wilusz JE. Non-AUG translation: a new start for protein synthesis in
eukaryotes. Genes Dev. 2017;31:1717-31.

12. Taylor J, Abdel-Wahab O. PTEN isoforms with dual and opposing function. Nat
Cell Biol. 2019;21:1306-08.

13. Wang LM, Cho YL, Tang YC, Wang JG, Park JE, Wu YJ, et al. PTEN-L is a novel
protein phosphatase for ubiquitin dephosphorylation to inhibit PINK1-Parkin-
mediated mitophagy. Cell Res. 2018;28:872-73.

14. Li GL, Yang JY, Yang CY, Zhu ML, Jin Y, McNutt MA, et al. PTEN alpha regulates
mitophagy and maintains mitochondrial quality control. Autophagy.
2018;14:1742-60.

15. Shen SM, Zhang C, Ge MK, Dong SS, Xia L, He P, et al. PTENa and PTEN promote
carcinogenesis through  WDR5 and H3K4 trimethylation. Nat Cell Biol.
2019;21:1436-48.

SPRINGER NATURE

11



C. Zhang et al.

12

16. Sun YZ, Lu D, Yin Y, Song J, Liu Y, Hao WY, et al. PTEN alpha functions as an
immune suppressor and promotes immune resistance in PTEN-mutant cancer.
Nat Commun. 2021;12:5147.

17. Malaney P, Uversky VN, Dave V. The PTEN Long N-tail is intrinsically disordered:
increased viability for PTEN therapy. Mol Biosyst. 2013;9:2877-888.

18. Vey M, Schéfer W, Berghofer S, Klenk HD, Garten W. Maturation of the trans-Golgi
network protease furin: compartmentalization of propeptide removal, substrate
cleavage, and COOH-terminal truncation. J Cell Biol. 1994;127(6 Pt 2):1829-1842.

19. Cameron A, Appel J, Houghten RA, Lindberg I. Polyarginines are potent furin
inhibitors. J Biol Chem. 2000;275:36741-749.

20. Thomas G. Furin at the cutting edge: From protein traffic to embryogenesis and
disease. Nat Rev Mol Cell Biol. 2002;3:753-66.

21. Wang J, Ptacek JB, Kirkegaard K, Bullitt E. Double-membraned liposomes sculpted
by poliovirus 3AB protein. J Biol Chem. 2013;288:27287-98.

22. Chalhoub N, Baker SJ. PTEN and the PI3-kinase pathway in cancer. Annu Rev
Pathol. 2009;4:127-50.

23. Zhang B, Zhang B, Zhang Z, Huang Z, Chen Y, Chen M, et al. 42,573 cases of
hepatectomy in China: a multicenter retrospective investigation. Sci China Life
Sci. 2018;61:660-70.

24. Braun E, Sauter D. Furin-mediated protein processing in infectious diseases and
cancer. Clin Transl Immunol. 2019;8:e1073.

25. Anderson ED, VanSlyke JK, Thulin CD, Jean F, Thomas G. Activation of the furin
endoprotease is a multiple-step process: Requirements for acidification and
internal propeptide cleavage. EMBO J. 1997;16:1508-18.

26. Molloy SS, Thomas L, VanSlyke JK, Stenberg PE, Thomas G. Intracellular trafficking
and activation of the furin proprotein convertase: localization to the TGN and
recycling from the cell surface. EMBO J. 1994;13:18-33.

27. Seidah NG, Prat A. The biology and therapeutic targeting of the proprotein
convertases. Nat Rev Drug Discov. 2012;11:367-83.

28. Arsenault D, Lucien F, Dubois CM. Hypoxia enhances cancer cell invasion through
relocalization of the proprotein convertase furin from the trans-golgi network to
the cell surface. J Cell Physiol. 2012;227:789-800.

29. Chen YW, Molloy SS, Thomas L, Gambee J, Bachinger HP, Ferguson B, et al.
Mutations within a furin consensus sequence block proteolytic release of
ectodysplasin-A and cause X-linked hypohidrotic ectodermal dysplasia. Proc Natl
Acad Sci USA. 2001;98:7218-23.

30. Giannelli F, Green PM, Sommer SS, Poon MC, Ludwig M, Schwaab A, et al. Hae-
mophilia B: database of point mutations and short additions and deletions -
eighth edition. Nucleic Acids Res. 1998;26:265-8.

31. Jaaks P, Bernasconi M. The proprotein convertase furin in tumour progression. Int
J Cancer. 2017;141:654-63.

32. Declercq J, Brouwers B, Pruniau VPEG, Stijnen P, Tuand K, Meulemans S, et al.
Liver-Specific Inactivation of the Proprotein Convertase FURIN Leads to Increased
Hepatocellular Carcinoma Growth. Biomed Res Int. 2015;2015:148651.

33. Huang YH, Lin KH, Liao CH, Lai MW, Tseng YH, Yeh CT. Furin Overexpression
Suppresses Tumor Growth and Predicts a Better Postoperative Disease-Free
Survival in Hepatocellular Carcinoma. Plos One. 2012;7:e40738.

AUTHOR CONTRIBUTIONS
CZ performed most experiments. H-MM, S-SD, NZ, PH, M-KG, LX, and J-XY conducted
partial experiments. QX collected patient samples. G-QC and S-MS designed and

SPRINGER NATURE

supervised the entire project and prepared the manuscript. All authors read and
approved the final paper.

FUNDING

This work was supported by National Key R&D Program of China (2020YFA0803403),
National Natural Science Foundation (82022053, 81972583, 81830091, 91853206,
82103233) and its innovative group support (No. 81721004), CAMS Innovation Fund
for Medical Sciences (CIFMS) (2019-12M-5-051) as well as the Fundamental Research
Funds for the Central Universities.

COMPETING INTERESTS

The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
All aspects of this study were approved by the Ethics Committee of Shanghai Jiao
Tong University School of Medicine.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-022-04988-2.

Correspondence and requests for materials should be addressed to Guo-Qiang Chen
or Shao-Ming Shen.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

Cell Death and Disease (2022)13:532


https://doi.org/10.1038/s41419-022-04988-2
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Furin extracellularly cleaves secreted PTEN&#x003B1;/&#x003B2; to generate C-nobreakterminal fragment with a tumor-suppressive role
	Introduction
	Results
	PTEN&#x003B1;/&#x003B2; are cleaved within their NTEs in�vivo
	Cleavage of PTEN&#x003B1; occurs extracellularly
	PTEN&#x003B1; is cleaved by Furin
	PTEN&#x003B1;/&#x003B2; are secreted through two elements in their NTEs
	The C-nobreakterminal fragment of PTEN&#x003B1;/&#x003B2; exerts a tumor-suppressive role in�vivo
	Cleavage-resistant PTEN&#x003B1; mutants present enhanced tumor-promoting role
	Cleavage of PTEN&#x003B1;/&#x003B2; is inhibited in liver cancer tissues

	Discussion
	Materials/Subjects and Methods
	Human cell lines
	Mouse studies
	Human samples
	Plasmids construction
	Immunoprecipitation
	Western blot
	Transfection and Secretion determination
	Protein expression and Purification
	In vitro cleavage of PTEN&#x003B1; with Furin
	Mass spectrometry
	CRISPR-Cas9
	Human liver cancer samples
	qRT-PCR
	Protein labeling and delivery
	Tumor treatment
	Quantification and statistical analysis
	Reporting summary

	References
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




