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LncRNAs-directed PTEN enzymatic switch governs
epithelial–mesenchymal transition
Qingsong Hu1, Chunlai Li1, Shouyu Wang1,2, Yajuan Li1, Bo Wen 3,4, Yanyan Zhang1,10, Ke Liang1, Jun Yao1, Youqiong Ye5,
Heidi Hsiao1, Tina K. Nguyen1, Peter K. Park1, Sergey D. Egranov1, David H. Hawke 6, Jeffrey R. Marks7, Leng Han5, Mien-Chie Hung1,8,
Bing Zhang3,4, Chunru Lin1,8 and Liuqing Yang 1,8,9

Despite the structural conservation of PTEN with dual-specificity phosphatases, there have been no reports regarding the
regulatory mechanisms that underlie this potential dual-phosphatase activity. Here, we report that K27-linked polyubiquitination of
PTEN at lysines 66 and 80 switches its phosphoinositide/protein tyrosine phosphatase activity to protein serine/threonine
phosphatase activity. Mechanistically, high glucose, TGF-β, CTGF, SHH, and IL-6 induce the expression of a long non-coding RNA,
GAEA (Glucose Aroused for EMT Activation), which associates with an RNA-binding E3 ligase, MEX3C, and enhances its enzymatic
activity, leading to the K27-linked polyubiquitination of PTEN. The MEX3C-catalyzed PTENK27-polyUb activates its protein serine/
threonine phosphatase activity and inhibits its phosphatidylinositol/protein tyrosine phosphatase activity. With this altered
enzymatic activity, PTENK27-polyUb dephosphorylates the phosphoserine/threonine residues of TWIST1, SNAI1, and YAP1, leading to
accumulation of these master regulators of EMT. Animals with genetic inhibition of PTENK27-polyUb, by a single nucleotide mutation
generated using CRISPR/Cas9 (PtenK80R/K80R), exhibit inhibition of EMT markers during mammary gland morphogenesis in
pregnancy/lactation and during cutaneous wound healing processes. Our findings illustrate an unexpected paradigm in which the
lncRNA-dependent switch in PTEN protein serine/threonine phosphatase activity is important for physiological homeostasis and
disease development.
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INTRODUCTION
Phosphatase and tensin homolog (PTEN) is regarded as one of the
most important tumor suppressors.1 Although PTEN has high
structural conservation with dual-specificity phosphatases
(DUSPs),2 research has been predominately focused on its
phosphatase activity towards phosphatidylinositol 3,4,5 trispho-
sphate (PIP3).

3 PTEN converts cellular PIP3 into phosphatidylino-
sitol 4,5-bisphosphate (PIP2) and downregulates the protein kinase
B (AKT/PKB) pathway.4 In many cancer types, genetic deletion of
PTEN leads to elevated cellular PIP3 levels and hyper-activation of
AKT.5 However, mice with transgenic expression of activated AKT
exhibit a different spectrum of tumor development.6 Therefore,
PTEN may possess biological roles other than PIP3 dephosphor-
ylation, such as protein phosphatase activity, which may be
involved in regulating homeostasis and human disease.
Recent advances in genomic sequencing demonstrate that long

non-coding RNA (lncRNA) molecules are pervasively transcribed
and are likely to be important in mediating cellular functions.7

Numerous mega-analyses have indicated that lncRNAs may play
critical roles in diverse cellular processes and diseases, including
human cancers.8 Genetically, mutations occur frequently in the
non-coding regions of the genome, altering the primary
sequences of many non-coding RNAs, which is one of the causes
of genetic diseases.9 Transcriptionally, dysregulation of lncRNA
expression, altered splicing patterns, and microRNA-mediated
lncRNA stabilization implicate the importance of lncRNAs in
cells.10 Biologically, it has been suggested that lncRNAs help
control cell growth, apoptosis, DNA-damage repair, stem cell self-
renewal/differentiation,11 and mRNA stability.12

Epithelial–mesenchymal transition (EMT) is hallmarked by a loss
of cell–cell contact between epithelial cells and acquisition of
invasive properties as mesenchymal phenotypic cells, which is
important for tissue repair,13 organ fibrosis,14 cancer metastasis,15

and chemoresistance.16 It has been suggested that transcription
factors that regulate EMT, including TWIST1, SNAI1 and YAP, are
involved in breast ductal network development.17 However, the
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underlying mechanisms that regulate TWIST1, SNAI1 and YAP1
during EMT, upon extracellular stimuli, remain largely unknown.
Our data shows that high glucose and growth factors including
TGF-β, CTGF, SHH, and IL-6 triggered the expression of a lncRNA
glucose aroused for EMT activation (GAEA), which bound the RNA-
binding E3 ligase MEX3C and facilitated its ligase activity. The
activated MEX3C catalyzed K27-linked polyubiquitination (polyUb)
of PTEN at lysines 66 and 80 (PTENK27-PolyUb), converting PTEN
from a phosphoinositide/tyrosine phosphatase to a serine/
threonine phosphatase. PTENK27-polyUb removed phospho-groups
from serine/threonine residues in substrates including TWIST1,
SNAI1, and YAP1. Upon dephosphorylation, these proteins were
stabilized and promoted EMT in a PTEN-dependent manner.
Homozygous mice harboring the Pten K80R mutation exhibited
impaired EMT during mammary gland morphogenesis in preg-
nant/lactating mice and during cutaneous wound healing
processes. Our results reveal an unappreciated dimension of PTEN
function as a protein serine/threonine phosphatase in home-
ostasis and pathological conditions, with clinical implications.

RESULTS
GAEA enhances the enzymatic activity of MEX3C
Elevated glucose metabolism promotes cancer cell proliferation,
cell cycle, and angiogenesis partially through transcriptional
regulation.18 To understand the molecular mechanism of
glucose-induced EMT, we first determined transcriptional altera-
tions in breast cancer cells that were treated with physiological
glucose concentrations (5.0 mM) or high glucose (25 mM). Gene
expression profiling indicated that in addition to protein coding
genes, transcription of 588 non-coding RNAs were upregulated
more than two-fold by high glucose (Fig. 1a, GEO ID: GSE106729).
LOC84856 (also named LINC00839 is renamed GAEA) was one of
the top ten lncRNA candidates induced by high glucose (Fig. 1a),
but not by reintroduction of amino acids or serum (Supplementary
Information, Fig. S1a–d). The copy number, transcript size and
sgRNA-mediated knockout of GAEA was characterized (Supple-
mentary Information, Fig. S1e–g). A number of transcription
factors might be involved in the transcriptional regulation of GAEA
upon these stimuli (Supplementary Information, Table S1).
Mass spectrometry (MS) analysis indicated the proteins that

specifically interacted with sense GAEA in cells, including the RNA-
binding E3 ligase MEX3C, ubiquitin-conjugating enzyme E2 S
(UBE2S), PTEN, and YAP1 (Fig. 1b; Supplementary Information,
Table S2). First, we characterized the enzymatic activity of MEX3C
in the presence of ubiquitin-activating enzymes (E1, UBE1, also
known as UBA1) and ubiquitin-conjugating enzymes (E2, UBE2S).
MEX3C catalyzed polyUb chain formation in vitro, which was
dependent on Gly76 of ubiquitin (Ub) (Fig. 1c). UBE2D3-MDM2
that catalyzes ubiquitination of p53 served as the positive
control.19 Neither UBE2D3-MEX3C nor UBE2S-MDM2 robustly
catalyzed the formation of polyUb chains (Fig. 1d). K27R ubiquitin
abolished MEX3C-catalyzed polyUb chains, while the ubiquitin
mutant with only lysine 27 remaining was as competent as WT Ub
in forming polyUb chains (Fig. 1e, f; Supplementary Information,
Fig. S1h). Depletion of the RING-type zinc finger domain of MEX3C
(ΔZNF) and point mutations, C608S or H625A,20 abolish the E3
ligase activity of MEX3C (Fig. 1g; Supplementary Information,
Fig. S1i).
MEX3C directly associated with GAEA in vivo and in vitro

(Fig. 1h; Supplementary Information, Fig. S2a, b). Gly343 of the
KH2 domain is critical for MEX3C-GAEA binding (Supplementary
Information, Fig. S2c). Upon high glucose stimulation, roughly
3000 copies of GAEA may associate with ∼4000 MEX3C protein
molecules per MCF10A cell (Supplementary Information, Fig. S2d,
e). We then mapped the sequence motif of GAEA, finding nt.
1801–1860 was required for MEX3C binding (Fig. 1i). GAEA
U1825G/C1850G (referred as GAEA mut), disrupted the MEX3C-

GAEA interaction in vitro (Supplementary Information, Fig. S2f).
RNA probe corresponding to GAEA nt. 1801–1860 but not the
corresponding DNA probe interacted with WT MEX3C (Fig. 1j, lane
6). The MEX3C G343D mutant or GAEA mut failed to mediate the
interaction (lanes 9 and 11). Furthermore, the presence of
unlabeled RNA probes corresponding to nt. 1801–1860 of GAEA,
but not androgen receptor 3’-UTR (AR 3’-UTR) RNA, competed
with biotinylated GAEA RNA probes in binding with MEX3C (Fig. 1j,
lane 13). In summary, our data indicate that G343 of MEX3C’s KH2
domain and U1825/C1850 of GAEA are critical for the interaction
between GAEA and MEX3C.
The saturation curve experiments indicated that GAEA-MEX3C

interaction is U1825/C1850-dependent (Supplementary Informa-
tion, Fig. S2g). Neither the DNA sequence of GAEA nor the AR 3’-
UTR exhibited detectable interaction with MEX3C (Supplementary
Information, Fig. S2g). Competition assay indicated that 14.3 nM of
the unlabeled GAEA (nt. 1801–1860) achieved 50% inhibition of
the interaction between biotin-GAEA and His-tagged MEX3C
(Supplementary Information, Fig. S2h), suggesting a high binding
affinity between GAEA and MEX3C.
We reason that the association between MEX3C and a variety of

E2 enzymes may modulate the linkage types of the polyUb chain.
To address this hypothesis, we selected four E2 enzymes: UBE2B
mediates K48-linked polyUb21; the UBE2N/V1 complex catalyzes
K63-linked polyUb22; and UBE2S, which potentially mediates
K11-23 and K27-linked polyUb. The MEX3C-deficient cells were
rescued with expression of MEX3C WT or G343D (Fig. 1k;
Supplementary Information, Fig. S2i). The MEX3C–UBE2B interac-
tions are undetectable (Fig. 1k). The interaction between MEX3C
and UBE2N/UBE2V under the low glucose condition, was
abolished upon high glucose stimulation; MEX3C G343D mutant
showed constituted interactions with UBE2N/UBE2V despite the
glucose concentration (Fig. 1k). On the contrary, high glucose
induced the interactions between UBE2S and endogenous MEX3C
or exogenous MEX3C WT; this interaction was abolished when
MEX3C G343D was expressed (Fig. 1k). Expression of GAEA wild
type (WT), but not mutant, in GAEA-deficient cells, rescued the
interaction between MEX3C and UBE2S upon high glucose
stimulation (Supplementary Information, Fig. S2j). These observa-
tions suggested that the presence of GAEA may modulate the
E2–E3 pair complex formation, leading to higher binding affinity
between MEX3C and UBE2S to catalyze the K27-linked
polyubiquitination.
In the presence of full-length GAEA, WT MEX3C exhibited more

than six-fold enhancement of its ability to catalyze the poly-
ubiquitin chain formation (green bar) (Fig. 1l). In contrast, the
GAEA mutant failed to do so (purple bar). The E3 ligase activity of
the MEX3C G343D mutant and MDM2 were not affected by the
presence of lncRNAs (Fig. 1l). We confirmed these observations
using anti-ubiquitin or anti-K27-polyUb specific antibody (lanes 8/
14 compared to lanes 7/13 respectively) (Supplementary Informa-
tion, Fig. S2k). Therefore, our data indicate that GAEA directly
associates with MEX3C and enhances its E3 ligase activity in vitro.

PTEN is required for glucose- and growth factors-induced EMT
We confirmed that endogenous PTEN associated with previously
reported binding proteins1 (Fig. 2a, green). Upon glucose
stimulation, PTEN associated with UBA1, UBE2S, MEX3C, and
ubiquitin, which overlaps with GAEA-binding proteins (Fig. 2a;
Supplementary Information, Table S3). PTEN was ubiquitinated at
K66 and K80 residues (Supplementary Information, Fig. S3a, b). We
then synthesized peptides that correspond to the sequences
flanking PTEN K66 or K80 with or without branching GG to mimic
ubiquitination and generated antibodies referred to as Ub-PTEN
(K66) or Ub-PTEN (K80), respectively (Supplementary Information,
Fig. S3c, d).
High glucose has been considered a proinflammatory signal.24

Therefore, we screened whether other growth factors/cytokines
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could induce PTEN polyUb, of which we focused on Ub-PTEN
(K80). In addition to high glucose, connective tissue growth factor
(CTGF), interleukin 6 (IL-6), sonic hedgehog (SHH) and transform-
ing growth factor beta 1 (TGF-β1), which are central mediators of
EMT and cancer metastasis,25–28 effectively induced polyUb of
PTEN as recognized by Ub-PTEN (K80) (Fig. 2b–d).

We hypothesized that these proinflammatory signals might
promote EMT. We compared the immortalized human breast basal
epithelial MCF10A cells that had either wild type PTEN (PTEN+/+) or
that had been genetically engineered to be PTEN deficient (PTEN-/-),
under the condition of low glucose (5mM) or high glucose
(25mM), finding that PTEN is required for glucose-induced EMT
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(Fig. 2e; Supplementary Information, Fig. S3e, f). The presence of
2DG (2-deoxy-D-glucose) or the glucose transporter inhibitor
STF3129 blocked glucose-induced EMT. In MCF10A PTEN-/- cells,
high glucose-induced EMT was abolished, suggesting the requisite
role of PTEN in promoting glucose-induced EMT (Fig. 2e;
Supplementary Information, Fig. S3e, f).
In MCF10A PTEN-/- cells, expression of PTEN WT restored

glucose-, TGF-β-, CTGF-, SHH- or IL-6-induced EMT, while
expressing the PTEN K66/80R mutant failed to do so (Fig. 2f, g;
Supplementary Information, Fig. S3g, h). Transduction of WT GAEA,
but not the U1825G/C1850G mutant, induced EMT in MCF10A
cells (Fig. 2h; Supplementary Information, Fig. S3i, j). Similarly,
expression of MEX3C WT, but not G343D mutant in MEX3C-
depleted cells restored EMT upon stimulation (Fig. 2i). These
findings indicated the importance of GAEA/MEX3C and PTEN
polyUb signaling axis in regulating EMT.

MEX3C catalyzes the K27-linked polyubiquitination of PTEN
MEX3C catalyzed PTEN polyUb at lysine 66 and 80 residues, which
was abolished upon expression of PTEN K66/80R, ubiquitin G76A
or K27R mutants (Fig. 3a; Supplementary Information, Fig. S4a).
Knockdown of GAEA or MEX3C reduced the glucose-induced PTEN
polyUb, without affecting global or total ubiquitination of PTEN
(Fig. 3b; Supplementary Information, Fig. S4b, c). PTEN K66R, K80R
or K66/80R mutants abolished the polyubiquitination at the
corresponding sites upon high glucose stimulation (Fig. 3c).
Furthermore, expression of MEX3C WT, but not G343D, led to
enhanced PTEN polyUb, which is impaired upon GAEA knockdown
(Fig. 3d).
To define the subtypes of polyUb chains catalyzed by MEX3C, we

immunoprecipitated polyubiquitinated PTEN under denaturing
conditions upon glucose stimulation for liquid chromatography–
mass spectrometry (LC-MS) (Fig. 3e, f; Supplementary Information,
Table S4). PTEN is confirmed to be modified with double Glycine
(GG) at K66 and 80 site, and lysine 27 of ubiquitin is the major site to
be modified by GG (Fig. 3g). Consistently, MEX3C catalyzed the
formation of PTEN polyUb in a K27-dependent manner (referred as
PTENK27-polyUb) in vitro and in cells (Fig. 3h, i). Introduction of MEX3C
WT, but not the G343D mutant, rescued the MEX3C-dependent
PTENK27-PolyUb and EMT (Supplementary Information, Fig. 4d).
Depletion of GAEA, but not the glucose-induced lncRNA ZNFX-
AS1,30 impaired glucose-induced PTENK27-PolyUb and EMT, which was
rescued by expression of WT GAEA, but not the non-MEX3C-binding
mutant (Supplementary Information, Fig. S4e, f). Thus, our data
demonstrated that the MEX3C-catalyzed PTENK27-polyUb in vivo is
required for promoting EMT.

PTENK27-polyUb acts as protein serine/threonine phosphatase
The subcellular localization and half-life of PTEN were not affected
by polyubiquitination of PTEN at both K66 and K80 (Supplementary
Information, Fig. S5a, b). PTEN, PTENK27-polyUb and PTENK48-polyUb

were used to dephosphorylate PIP3 and synthesized generic

peptides harboring p-Tyr, p-Ser, or p-Thr,31–33 as substrates (Fig. 4a,
b and Supplementary Information, Fig. S5c). By incubating PIP3 or
p-Tyr-, p-Ser-, p-Thr-containing peptides with BSA, unmodified PTEN,
or PTENK27-polyUb, the dephosphorylation of these substrates were
determined by MALDI-TOF MS analysis. As expected, PIP3 (MW
981.4 Da) was converted to PIP2 (MW 901.4 Da) in the presence of
PTEN; however, PTENK27-polyUb failed to do so (Fig. 4c; Supplemen-
tary Information, Fig. S6a, Table S5). The p-Tyr-containing peptide
(MW 1118.4 Da) was converted to unphosphorylated form (MW
1038.4 Da) by PTEN but not by PTENK27-polyUb (Fig. 4c; Supplemen-
tary Information, Fig. S6b, Table S5). Surprisingly, PTENK27-polyUb, but
not PTEN, dephosphorylated both p-Ser- and p-Thr-containing
peptides (MW 1244.5 Da to 1164.5 Da; and 909.5 Da to 829.5 Da
respectively) (Fig. 4c; Supplementary Information, Fig. S6c, d,
Table S5).
To quantitatively measure the phosphatase activity of PTEN,

PTENK27-polyUb, and PTENK48-polyUb, we performed PTEN ELISA assay
to measure conversion of PIP3 to PIP2 (Fig. 4d) or in vitro
dephosphorylation assays to measure the release of the organic
phosphate from p-Tyr-, p-Ser-, p-Thr-containing peptides
(Fig. 4e–g). We included PTP1B and PP2A as positive controls for
tyrosine phosphatase34 and serine/threonine phosphatase,35

respectively. Conversion of PIP3 to PIP2 was robustly catalyzed
by either PTEN (red line) or PTENK48-polyUb (purple line), but not by
PTENK27-polyUb (green line) (Fig. 4d). K66R or K80R single mutants
(orange and black lines respectively) dephosphorylated PIP3 as
equally efficient as unmodified PTEN (Fig. 4d). Similarly, for p-Tyr
containing peptides, PTEN (red line), PTENK48-polyUb (purple line),
K66R mutant, and K80R mutant all showed similar activity in
catalyzing this reaction. In contrast, PTENK27-polyUb (green line)
failed to dephosphorylate p-Tyr-containing substrate (Fig. 4e).
Further, PTENK27-polyUb (green line) but not unmodified PTEN (red
line), exhibited adequate phosphatase activity toward p-Ser- and
p-Thr-containing substrates (Fig. 4f, g). We calculated the median
effective dose (ED50) value (nM) of each enzyme that was
summarized in Fig. 4h. PTEN dephosphorylated PIP3 and p-Tyr
with ED50 value of 0.72 and 11.4 nM, respectively, but had
undetectable activity toward p-Ser- and p-Thr-containing sub-
strates. In contrast, PTENK27-polyUb showed undetectable activity
toward PIP3 and p-Tyr but moderate phosphatase activity toward
p-Ser and p-Thr substrates (ED50 values of 17.4 and 24.7 nM,
respectively) (Fig. 4h). PTEN (K66R)K27-polyUb, and PTEN (K80R)K27-
polyUb functioned similarly to unmodified PTEN (Fig. 4h).
We further determined the specific phosphatase activity for

each enzyme as measured in pmol of substrate/minute/µg of
enzyme. 1 µg of PTEN catalyzed roughly 7.5 pmol of PIP3 or 3 pmol
of p-Tyr per minute. In contrast, PTENK27-polyUb catalyzed about 0.2
pmol of PIP3, 0 pmol of p-Tyr, and 2.5–3.0 pmol of p-Ser- and p-
Thr-containing peptides per minute (Fig. 4i). We further validated
that the USP2, a general deubiquitination enzyme,36 was able to
deubiquitinate PTENK27-polyUb, thus restoring its PIP3 and p-Tyr
phosphatase activities (Supplementary Information, Fig. S6e–g).

Fig. 1 Identification and characterization of GAEA-MEX3C interaction. a Heatmap showing differently expressed coding and non-coding
genes in MDA-MB-231 cells with glucose starvation followed by low (5mM) or high (25 mM) glucose (Glc) stimulation. Red/green indicates
increased/decreased fold change. R1, R2 and R3 (biological repeat 1, 2 and 3). b A list of top GAEA-associated proteins identified by RNA pull-
down followed by MS analysis in MDA-MB-231 cells. c–g Quantitative measure of poly-Ub chain formation in MEX3C ubiquitin ligase activity
assays with indicated recombinant proteins, in the presence indicated ubiquitin (e, f) or MEX3C (g). Error bars, SD. n= 3 independent
experiments, Student’s t-test. h RIP-qPCR detection of indicated RNAs retrieved by indicated antibodies in MDA-MB-231 cells. Error bars, SD. n
= 3 independent experiments, Student’s t-test. i In vitro RNA–protein binding coupled with dot-blot assays. j RNA EMSA analysis of
recombinant MEX3C binding to 1801–1860 fragment of GAEA. RNA EMSA was performed using indicated recombinant protein and
biotinylated DNA or RNA probes corresponding to GAEA n.t. 1801–1860 or AR 3’-UTR (32P-labeled, blue, lanes 1-11) or in the presence of cold
probes as competitors (green, lanes 12–15). k Immunoblotting (IB) detection using indicated antibodies of MCF10A cells harboring scramble
or MEX3C sgRNAs and indicated expression vectors, followed by glucose stimulation (5 or 25mM). l Quantitative measure of poly-Ub chain
formation in MEX3C ubiquitin ligase activity assays with indicated E1–E2–E3 proteins and RNA transcripts. LINK-A was used as a negative
lncRNA control and UBE2D3-MDM2 as a negative E2–E3 control. Error bars, SD, n= 3 independent experiments, one-way ANOVA. (n.s. p > 0.05,
*p < 0.05, **p < 0.01, and ***p < 0.001)
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Taken together, our data indicate that K27-linked polyubiquitina-
tion of PTEN at K66 and K80 converted PTEN from a
phosphoinositide/protein tyrosine phosphatase to a protein
serine/threonine phosphatase.

The depth of PTEN catalytic cleft determines substrate preference
For dual-specificity phosphatases, the conserved catalytic core
contains the CXXXGXXR motif, where a specific distance between
C (Cys) and R (Arg) is critical for substrate binding.37 Because the
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polar head groups of phosphoinositol and p-Tyr are larger than
that of p-Ser or p-Thr, the distance between C124 and R130 of PTEN
could be essential for substrate preference.38 The 3-dimen-
sional structure of PTEN revealed that the P loop (catalytic core)
contains HC124KAGKGR130. The ~8 Å catalytic pocket of PTEN can
fit p-Tyr, p-Ser, and p-Thr side chains, which is between the 9 Å
deep cleft of PTP1B and the approximately 6 Å shallow cleft of
PP2A.39 Therefore, we hypothesize that this might be the reason
that PTEN and PTENK27-polyUb exhibit different binding affinities to
PIP3, p-Tyr, p-Ser, or p-Thr substrates.
To address this hypothesis, we generated biotinylated-PIP3 and

biotinylated-BSA-conjugated p-Tyr, p-Ser, and p-Thr amino acids for
in vitro enzyme–substrate overlay assay (Fig. 5a). Purified His-tagged
PTEN, PTENK27-polyUb, PTEN (K66R) K27-polyUb, PTEN (K80R) K27-polyUb,
and PTENK48-polyUb were applied on the dot-blots to probe their
binding with different substrates. It is clear that unmodified PTEN,
PTEN (K66R) K27-PolyUb, PTEN (K80R) K27-PolyUb, and PTENK48-polyUb

bound to PIP3 and BSA-p-Tyr; however, PTENK27-polyUb directly bound
to BSA-p-Ser and BSA-p-Thr residues (Fig. 5a). Next, using an alpha
assay, we observed that PTEN exhibited robust association with PIP3
and BSA-p-Tyr, moderate binding with BSA-p-Ser and -Thr, but
undetectable binding with BSA alone (Supplementary Information,
Fig. S7a–e).
To examine whether the distance between C124 and R130

determines PTEN’s substrate preference, we inserted one glycine
between every two adjacent amino acids between C124 and R130

to generate insertion mutants Ins125G, Ins126G, Ins127G, and
InsG129G (due to the position of Gly129, Ins128G and Ins129G have
the same sequence) (Fig. 5b). Moreover, we generated deletion
mutants of PTEN (ΔG127 and ΔG129), due to concerns that
deletion of other amino acids between C124 and R130 may disrupt
protein folding or the catalytic pocket of PTEN (Fig. 5b).
Bacterially-expressed PTEN WT, insertion or deletion mutants

in vitro ubiquitinated (Supplementary Information, Fig. S7f), were
subjected to PTEN phosphatase activity assay (substrates listed in
Fig. 4b). Insertion of an additional glycine either before or after
G129 of PTEN (Ins129G) abolished all of the proteins’ phosphatase
activity, which is consistent with the notion that the natural
variant G129E of PTEN has no enzymatic activity40 (Fig. 5c–f).
Consistent with our previous findings, PTEN dephosphorylated
PIP3 and p-Tyr; PTENK27-polyUb efficiently dephosphorylated p-Ser
and p-Thr. However, both unmodified and ubiquitinated deletion
mutants (ΔG127 and ΔG129) failed to exhibit noticeable
phosphatase activity towards PIP3 and p-Tyr, but had potent
phosphatase activity toward p-Ser and p-Thr. In contrast, all
insertion mutants showed efficient phosphatase activity toward
PIP3 and p-Tyr- but not p-Ser- or p-Thr-containing substrates
regardless of the ubiquitination status (Fig. 5c–f). In summary, our
data suggest that PTEN with one Gly deletion (shallow cleft)
functions as a protein serine/threonine phosphatase, whereas
PTEN with one Gly insertion (deep cleft) acts as a phosphoinosi-
tide/protein tyrosine phosphatase (Fig. 5b). Interestingly, none of
the phosphatase activity of these PTEN mutants was regulated by
K27-linked polyubiquitination, suggesting that K27-linked

polyubiquitination on K66 and K80 of PTEN phosphatase domain
fine-tuned the conformation of the catalytic loop to accommodate
p-Ser/p-Thr side chains, converting PTENK27-polyUb to a protein
serine/threonine phosphatase.
To further support this point, we determined the Kd values for

the binding affinity of these PTEN mutants to biotinylated-PIP3 or
biotinylated-BSA-conjugated p-Tyr, p-Ser or p-Thr residues
(Fig. 5g–j). As summarized in Fig. 5k, unmodified PTEN exhibited
high binding affinity to PIP3 and p-Tyr (Kd= 4.0 and 123.9 nM,
respectively) and moderate binding with p-Ser and p-Thr (Kd=
720 and 559 nM, respectively). In contrast, PTENK27-polyUb exhibited
5–10 fold reduction in binding to PIP3/p-Tyr and about 8–14-fold
enhancement in binding to p-Ser/p-Thr (Fig. 5k). Similarly to
PTENK27-polyUb (red line), deletion mutants (ΔG127 and ΔG129,
green and violet line, respectively) exhibited reduced binding to
PIP3 and p-Tyr but enhanced binding to p-Ser and p-Thr residues
(Fig. 5g–j). In contrast, insertion mutants of PTEN, Ins125G (orange
line), Ins126G (black line), and Ins127G (brown line), exhibited
enhanced binding to PIP3 and p-Tyr but impaired binding to p-Ser
and p-Thr residues compared to unmodified PTEN (blue line)
(Fig. 5g–j). Therefore, our data indicate that K27-linked ubiquitina-
tion of PTEN at K66 and K80 modulate substrate binding affinity of
PTEN, hence switching PTEN from a phosphoinositide/tyrosine
phosphatase to a serine/threonine phosphatase. The dimerization
of PTEN and the PDZ domain-mediated binding of PTEN to the
lipid membrane could also be modulated by the K27-linked
polyUb. Technical difficulties in resolving the precise structure of
PTENK27-polyUb prevents complete understanding of the mechan-
ism behind ubiquitination-dependent alteration of PTEN’s enzy-
matic activity at this stage.

PTEN dephosphorylates master regulators of EMT in vivo
In MDA-MB-231 (with PTEN expression) and MDA-MB-468 (PTEN
null) cells, high glucose induced the elevation of PIP3 levels, which
was abolished when PTEN was genetically deleted, or MEX3C/
GAEA/PTEN were knocked down by siRNA (Supplementary
Information, Fig. S8a–c). The enzymatic activity of cellular PI3K in
converting PIP2 to PIP3 was not significantly affected (Supple-
mentary Information, Fig. S8d). Expression of PTEN WT, but not
K66/80R mutant to MCF10A PTEN-/-, or MDA-MB-468 cells, rescued
the high glucose-triggered elevated PIP3 levels (Supplementary
Information, Fig. S8e–h). PTEN has been reported to depho-
sphorylate p-IRS1 upon IGF1 stimulation.41 Expression of PTEN WT,
but not K66/80R mutant, rescued IGF1-induced IRS1 depho-
sphorylation under the condition of low or high glucose, without
affecting the enzymatic activities of SHP2 and PP2A (Supplemen-
tary Information, Fig. S9a–f). These data suggest that PTENK27-polyUb

exhibited reduced phosphoinositide/protein tyrosine phosphatase
activity.
We explored the proteins candidates that potentially gain p-Ser

and p-Thr upon PTEN-/- or expression of PTEN K66/80 R mutant
(Supplementary Information, Fig. S10a, left panel), and identified
the proteins that associated with PTENK27-polyUb but not with
unmodified PTEN upon high glucose (Supplementary Information,

Fig. 2 K27-linked polyubiquitination of PTEN promotes EMT. a A list of top PTEN-binding proteins identified by immunoprecipitation and MS
analysis in MCF10A PTEN+/+ with or without glucose treatment (5 or 25mM, 1 h). b Quantitative measure of PTENK27-polyUb using Ub-PTEN
(K80) antibody in MCF10A PTEN+/+ cells under the glucose and a panel of indicated growth factor stimulations for 1 h. Statistically significant
factors are highlighted as Red. Error bars, SD, n= 3 independent experiments, Student’s t-test. c, d IB detection of PTEN ubiquitination in
MCF10A PTEN+/+ and NMuMG cells (c) under the indicated growth factor stimulation for 1 h or in MCF10A PTEN+/+ and MCF10A PTEN-/- cells
(d). e Immunofluorescence detection of EMT markers in 3D culture of MCF10A PTEN+/+ and MCF10A PTEN-/- cells, followed by glucose
starvation and stimulation (5 or 25mM, 12 days), or 2-DG (25mM, 12 days) or in the presences of STF31 (5 µM, 12 days). Scale bars: 50 µm.
f, g Immunofluorescence detection using indicated antibodies in MCF10A PTEN+/+ or MCF10A PTEN-/- cells transfected with the indicated
expression vectors followed by indicated treatment for 72 h. Scale bars: 50 µm. h Immunofluorescence detection using indicated antibodies in
MCF10A PTEN+/+ or MCF10A PTEN-/- cells transducted with lentivirus harboring indicated expression vectors. Scale bars: 50 µm.
i Immunofluorescence detection using indicated antibodies in MCF10A PTEN+/+ cells harboring indicated sgRNAs with expression of
indicated expression vectors, followed by indicated treatment for 72 h. Scale bars: 50 µm (n.s. p > 0.05, *p < 0.05, **p < 0.01, and ***p < 0.001)
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Fig. S10a, right panel), finding that TWIST1, SNAI1 and YAP
potentially being dephosphorylated by PTENK27-polyUb (Supple-
mentary Information, Fig. S10b and Table S6).
To comprehensively demonstrate the protein phosphatase

activity of PTEN with or without K27-polyUb, we determined
phospho-proteomics profiling in MCF10A PTEN+/+, PTEN-/- cells

expressing PTEN WT, Y138L42 or PTEN K66/80R (Supplementary
Information, Fig. S10c). Hierarchical clustering analysis and
principal component analysis (PCA) suggested that the three
biological repeats were faithfully clustered together (Supplemen-
tary Information, Fig. S10d, e). We identified three categories of
phospho-peptides representing PTEN protein phosphatase-
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independent substrates (potentially PIP3-dependent); and PTEN
protein phosphatase-dependent substrates, which could be
further defined as PTENK27-polyUb-independent and PTENK27-polyUb-
dependent substrates (Fig. 6a). TWIST1 (Ser123) and SNAI1 (Ser96)
exhibited phosphorylation in PTEN-/- cells expressing PTEN K66/
80R mutant (Fig. 6a, top section), suggesting that TWIST1 and
SNAI1 are endogenous substrates of PTENK27-polyUb as a protein
serine/threonine phosphatase.
We validated the protein Ser/Thr phosphatase activity of

PTENK27-polyUb toward p-TWIST1, p-SNAI1, phosphorylated by
GSK3β43,44 and p-YAP1, phosphorylated by c-Abl45 or AKT,46

respectively (Fig. 6b). The Ser/Thr-phosphorylated TWIST1, SNAI1,
and YAP1 were robustly dephosphorylated by PTENK27-polyUb but
not unmodified PTEN; however, Tyr-phosphorylated YAP was
dephosphorylated by PTP1B but not by PTENK27-polyUb (Fig. 6b).
It is interesting to find that 10 out of 16 PTENK27-polyUb-

dependent substrates contain the consensus sequence (S/TxxxS/T)
that is potentially subjected to phosphorylation-dependent
degradation (phosphodegron) (Fig. 6a, right column). We further
found that high glucose triggered the dephosphorylation and
stabilization of TWIST1 and SNAI1 proteins in a PTEN-dependent
manner, with the mRNA levels of TWIST, SNAI1 or YAP1 unaffected
(Fig. 6c; Supplementary Information, Fig. S11a, b). Rescue
experiments indicated that glucose-induced protein accumulation
and dephosphorylation of TWIST1 and SNAI1 was abolished by
PTEN-/-, which was rescued by expression of PTEN WT, but not
PTEN K66/80R mutant (Fig. 6d, e).
TWIST1 and SNAI1 are key transcription factors regulating

EMT.47 Upon high glucose, knockdown of TWIST1 or SNAI1 led to
partially reduced vimentin-positive cells in PTEN-proficient cells or
PTEN WT-expressing cells (Fig. 6f; Supplementary Information, Fig.
S11c).
Glucose triggers YAP dephosphorylation and nuclear accumula-

tion to activate YAP target genes.48 We observed diminished YAP
phosphorylation at Ser127 and Ser397 upon high glucose
stimulation, which was PTENK27-polyUb-dependent (Supplementary
Information, Fig. S11d, e). Knockdown of MEX3C, or PTEN led to
impairment of the dephosphorylation of YAP1, but not the
phosphorylated LATS1 or the protein levels of PP2A-A, -B, and -C
(Supplementary Information, Fig. S11f). Knockdown of GAEA,
MEX3C, or PTEN also abolished activation of glucose-induced,
YAP1-dependent target gene expression (Supplementary Informa-
tion, Fig. S11g). These results indicate that polyubiquitination-
dependent PTEN dual phosphatase activity switch correlates
with the phosphorylation status of its cellular substrates.

Ubiquitination of PTEN is required for tissue remodeling and repair
We surveyed the status of GAEA and PTENK27-polyUb in normal
human tissues, finding that GAEA and PTENK27-polyUb are detectable
in the epidermal layer of skin, mammary gland ducts, intestinal
villi, and kidney tubules, with low manifestation in cerebrum, lung,
soft tissue and thyroid (Fig. 7a; Supplementary Information, Fig.
S12a). We generated a genetically edited mouse model that has
replaced lysine 80 with arginine in the FVB genetic background
using CRISPR (clustered regularly-interspaced short palindromic

repeats)/Cas (CRISPR associated) system-mediated genomic edit-
ing49 (Fig. 7b). The single-nucleotide mutant (AAA→AGA) was
confirmed by Sanger sequencing and SNP (single nucleotide
polymorphism) genotyping (Supplementary Information, Fig.
S12b, c). Homozygous Pten K80R exhibited minimal effect on
animal homeostasis (Supplementary Information, Fig. S12d). Male
or female PtenK80R/K80R exhibits similar tumor susceptibility
compared to PtenWT/WT or PtenWT/K80R mice (Supplementary
Information, Fig. S12e). PTENK27-polyUb may play a functional role
in type II EMT, which is involved in tissue remodeling and repair.50

In 9-week old virgin mice, PtenK80R/K80R mammary glands
exhibited no changes in ductal length (Fig. 7c), but impairments in
morphogenesis compared to wild-type littermates (Fig. 7d). On
pregnancy day 15.5 and lactation day 0.5, mammary glands of
PtenK80R/K80R mice exhibited reduced ductal morphogenesis
compared to those of PtenWT/WT littermates (Fig. 7e). However,
proliferation and apoptosis rates of PtenK80R/K80R mammary glands
were comparable to those of wild-type littermates (Supplementary
Information, Fig. S12f, g). PTENK27-polyUb was detected during
pregnancy and lactation (Fig. 7f). The expression of vimentin and
SNAI1/Slug in the mammary gland epithelium (E-cadherin-positive
cells) was reduced in PtenK80R/K80R mice during pregnancy and
lactation (Fig. 7g, h). These data suggest that PTENK27-polyUb may
facilitate biological EMT in vivo.
We then utilized the cutaneous wound healing model51 to

investigate the role of PTENK27-polyUb-dependent EMT in wound
margins, finding that wound closure was significantly reduced in
PtenK80R/K80R mice (Fig. 8a–c). PTENK27-polyUb in the neo-epidermis
of 3-day wound tissues was significantly reduced in 6-day wound
tissues and absent in PtenK80R/K80R skin (Fig. 8d, e). PtenK80R/K80R

wounds exhibited reduced expression of vimentin, SNAI1/Slug
and YAP1 in the neo-epidermis (Fig. 8f–k). The status of TWIST1 in
neo-epidermis is undetectable under our experimental setting
(Supplementary Information, Fig. S13a). The proliferation and
apoptosis of skin epidermis were minimal affected in PtenK80R/K80R

wound (Supplementary Information, Fig. S13b, c). Taken together,
we demonstrated that PTENK27-polyUb is dynamically regulated
upon physical or pathological conditions, with important roles in
regulating EMT during tissue remodeling and repair.

DISCUSSION
EMT has been demonstrated to be required for embryonic
development, tissue remodeling/repair, and cancer metastasis.50

Many factors can induce the transformation of epithelial cells to
mesenchymal cells.25 Our findings indicate that in addition to high
glucose, CTGF, IL-6, SHH, and TGF-β1 effectively induce PTENK27-polyUb

in human and mouse mammary gland epithelial cells. MEX3C is
critical for catalyzing K27-linked polyubiquitination of PTEN at K66
and K80. PTENK27-polyUb potentially undergoes a conformational
change, which might transform PTEN from a phosphoinositide/
protein tyrosine phosphatase to a protein serine/threonine
phosphatase. We identified potential p-Ser/p-Thr-containing
protein substrates of PTENK27-polyUb, including TWIST1, SNAI1,
and YAP1. Consequently, the PTENK27-polyUb-dependent

Fig. 3 MEX3C catalyzes the K27-linked polyubiquitination of PTEN. a In vitro PTEN ubiquitination assay was performed with indicated
recombinant proteins, and immunoblotted with indicated antibodies. b, c IB detection using indicated antibodies in cells; which were
transfected with indicated siRNAs (b) or expression constructs (c) and were glucose starved followed by glucose stimulation (5 or 25mM, 1 h).
d IB detection using indicated antibodies in cells transducted with lentivirus harboring indicated expression constructs and co-transfected
with indicated siRNAs. e Silver staining detection of PTEN ubiquitination in MCF10A PTEN+/+ cells which were transfected with the indicated
siRNA and glucose starved followed by glucose stimulation (5 or 25 mM, 1 h). Denatured IP was performed with indicated antibodies and
indicated bands were cut to do the MS/MS spectrum. Blue/green box, gel band cut for MS analysis. f Protein score of MS are shown. g A list of
MS linkage identification of PTEN and ubiquitin. The linkage type, GG-modified peptides of ubiquitin and the number of recovered peptides
are shown. h In vitro ubiquitination assay was performed with indicated recombinant proteins, and the resulting samples were
immunoblotted with indicated antibodies. i IB detection using indicated antibodies of cells which were transfected with indicated expression
constructs and glucose starved followed by glucose stimulation (5 or 25mM, 1 h)
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Fig. 4 K27-linked polyubiquitination modulates PTEN phosphatase activity. a Graphic illustration of purification of polyubiquitinated PTEN
and its subsequent usage in PTEN phosphatase activity or in vitro binding assays with corresponding substrates. b A list of substrates used in
PTEN phosphatase activity assays. c Intensity of phospho-substrates and dephosphorylated substrates. d–g Quantitative measure of
dephosphorylation of PIP3 (d), p-Tyr (e), p-Ser (f) or p-Thr (g) in PTEN phosphatase activity assays with unmodified or polyubiquitinated PTEN
(WT and mutants) at indicated concentrations. Error bars, SD, n= 3 independent experiments. h Summary of ED50 value (mean ± S.E.M, n= 3
independent experiments) of the indicated enzymes based on experiments in d–g. i Activities of PTP1B, PP2A, PTEN or polyubiquitinated
PTEN toward PIP3 or phospho-Tyr, phospho-Ser, and phospho-Thr substrates were measured by monitoring the phosphate release
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dephosphorylation of TWIST1, SNAI1, and YAP1 resulted in
accumulation of these proteins and promotion of EMT (Supple-
mentary Information, Fig. S14).
Although PTEN has been considered one of the most important

tumor suppressors, PTEN also plays important roles during

homeostasis and pathological conditions,52 such as lactation,53

wound healing processes54 and organ fibrosis.55 To overcome the
role of PTEN in inhibiting cell migration and proliferation,
cells develop a variety of mechanisms. In addition to genetic
depletion, non-sense mutations, and protein degradation,56 our
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data suggests that PTENK27-polyUb may exhibit reduced phosphoi-
nositide phosphatase activity and adequate protein serine/
threonine phosphatase activity. Upon stimulation by glucose or
growth factors, the level of unmodified PTEN is reduced with
concurrent upregulation of PTENK27-polyUb. Global phospho-
proteomics profiling suggested that PTENK27-polyUb dephosphor-
ylates a distinct cohort of protein substrates with phosphoserine/
threonine residues. It is interesting that the majority of PTENK27-

polyUb-dephosphorylated protein substrates harbor a consensus
sequence that is potentially subjected to phosphorylation-
dependent degradation (phosphodegron).57 PTENK27-polyUb-
dependent dephosphorylation events may antagonize
phosphorylation-dependent degradation, leading to protein
stabilization. As a consequence, the potentially stabilized
TWIST1,58 MYC,59 SNAI1,60 CASC5,61 PRLR,62 FGD1,63 CCNE1,64

and GLI365 may promote cell proliferation, EMT, invasion, and
stemness, which are critical for homeostasis and pathological
conditions. The substrates and corresponding cellular effects of
PTENK27-polyUb could be diverse in a cellular/tissue context-specific
manner. It is also possible that other post-translational modifica-
tions modulate the phosphatase activities of PTEN, which requires
further examination.
Genetic depletion of Pten leads to hyper-activation of the PIP3/

AKT pathway; on the contrary, PtenK80R/K80R results in unaffected
phosphoinositide phosphatase activity and degradation of
TWIST1/SNAI1/YAP1 proteins. Therefore, PtenK80R/K80R mice are
non-tumor-prone. Although PTEN depletion generally leads to
enhanced growth and invasion in cancer cells,66 PTEN loss leads to
unaffected or reduced cell invasion in normal mammary epithelial
cells.67 This notion is consistent with our observation that PTEN
depletion leads to activation of the AKT pathway but degradation
of TWIST1/SNAI1/YAP1. Several instances of cellular and genetic
evidence indicated that AKT1, but not AKT2 or AKT3, serves as a
negative regulator of EMT and breast cancer metastasis.68 AKT1
has been shown to phosphorylate TWIST1 at Ser42 to promote
EMT69 or at Ser123 to facilitate β-TrCP-mediated TWIST1
degradation and inhibition of EMT.70 One explanation is that
AKT1-dependent TWIST1 phosphorylation at Ser123 could be
removed by PTENK27-polyUb under high glucose conditions, leading
to activation of the AKT pathway and stabilization of the TWIST1
protein simultaneously.
K27-linked polyubiquitination might trigger a potential con-

formational change in the phosphatase domain of PTEN, which is
a topic of further investigation. This effect depends on poly-
ubiquitination at both K66 and K80, which is supported by our
results indicating that mutation at either K66 or K80 failed to
switch on this protein Ser/Thr phosphatase activity. We speculate
that the two large polyubiquitin chains located on the phospha-
tase domain fine-tune the structure of the catalytic cleft, which
alters substrate recognition by PTENK27-polyUb.
The two KH domains of MEX3C serve as potential RNA-binding

domains. We demonstrated that upon GAEA association, MEX3C
catalyzes K27-linked polyUb chain formation effectively. It is
possible that the presence of GAEA manipulates the E2 that
associates with MEX3C, leading to K27-linked polyUb chain

formation. Consistent with this notion, MEX3C or GAEA mutants
that failed to mediate this interaction abolished glucose-induced,
PTENK27-polyUb-mediated EMT. It has been suggested that the
UCAY RNA motif may be involved in the interactions with the KH
domain. Hence, it is highly likely that other human or mouse
lncRNAs containing similar RNA motifs may associate with and
modulate the enzymatic activity of MEX3C.

MATERIALS AND METHODS
In vivo murine models
All animal-based research were approved by the institutional
animal care and use committee (IACUC) of the University of
Texas M.D. Anderson Cancer Center (MDACC). CRISPR/Cas9-
mediated gene editing mice were generated by homologous
recombination and implanted in FVB (Charles River Laboratories)
blastocysts as previously described.39 Briefly, isogenic genomic
fragments flanking PTEN K80 site containing the K80R mutation
were cloned as EGE-LC-028 (K80R) expression vector. Two
sgRNAs flanking targeting loci were cloned, in vitro transcribed
and validated by Sanger sequencing and electrophoresis
(Biocytogen). The targeting vector and sgRNAs were injected
to blastocysts and the high-percentage male chimeric mice were
crossed with female FVB mice to obtain transmitted founders.
Genotyping of PtenK80R/K80R mice was determined by TaqMan®

SNP genotyping technology using purified genomic DNA from
mouse tails (Applied StemCell & Zymo Research). All mice were
on a FVB genetic background. For mammary gland development
experiments, 3-week- and 9-week-old female PtenWT/WT or
PtenK80R/K80R littermates were used; for pregnancy and lactation
experiment, 6-week-old PtenWT/WT and PtenK80R/K80R male mice
were crossed to female mice with the same age and genotype.
We checked the plugs the second day, and the pregnancy
female mice were euthanized at P15.5 and L0.5 (P: pregnancy; L:
lactation). The animal experiment was set up to use 5–12 mice
per group to detect a 2-fold difference with power of 80% and at
the significance level of 0.05 by a two-sided test for significant
studies. The sample sized was chosen based on our previous
experience and indicated for each experiment in the figure
legend. Investigators were not blinded for group allocation, but
were blinded for the assessment of the phenotypic outcome
assessed by histological analyses. Animals were housed ran-
domly and no animals were excluded from the analysis.

Whole-mount analysis and histological analysis
For whole-mount staining, the fourth 3-week- and 9-week-old
female PtenWT/WT or PtenK80R/K80R mice mammary glands were
excised and spread on microscope slides. The tissues were fixed in
Carnoy’s fixative, washed in 70% ethanol, hydrated by passing
through ethanol with decreasing concentrations, and stained in
carmine alum stain overnight at room temperature. After staining,
the slides were dehydrated through increasing ethanol concen-
trations, cleared in xylene, and mounted under a coverslip. For
histological analysis, lactation mice mammary gland, wound
healing mice skin and mouse major organ specimens were fixed

Fig. 5 K27-linked polyubiquitination alters PTEN substrate binding. a Enzyme–substrate overlay assay showing the binding capability of
unmodified and polyubiquitinated PTEN to indicated substrates. Biotinylated PIP3 or indicated BSA-conjugated phospho-amino acids were
spotted on nylon membrane as substrate strip. b Schematic diagram of a proposed model showing how polyubiquitination alters the catalytic
pocket conformation of PTEN, which can be mimicked by insertion (increasing pocket depth) or deletion (decreasing pocket depth)
mutations. c–f Quantitative measure of dephosphorylation of PIP3 (c), p-Tyr (d), p-Ser (e) or p-Thr (f) in PTEN phosphatase activity assays with
unmodified or polyubiquitinated PTEN (WT or indicated mutants). Error bars, SD, n= 3 independent experiments (n.s. p > 0.05, *p < 0.05, and
***p < 0.001, Student’s t-test). g–j Competition binding assay to determine Kd for interaction between unmodified or polyubiquitinated PTEN
(WT or indicated mutants) and biotin-PIP3 (g), biotin-BSA-p-Tyr (h), biotin-BSA-p-Ser (i), biotin-BSA-p-Thr (j) in the presence of unlabeled
substrates respectively. Error bars, SD, n= 3 independent experiments. k Summary of Kd value (mean ± S.E.M, n= 3 independent experiments)
of the interaction between indicated enzymes and substrates
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overnight in neutral buffered formalin, dehydrated and
embedded in paraffin. Tissue blocks were sectioned into 5 μm
and stained with hematoxylin and eosin. For the analysis of the
mammary gland development experiments and wound healing,
five ×100 or ×200 visual fields were randomly selected for each
carmine alum staining and H&E staining by a grid intersection

analysis using Adobe Photoshop. Representative images were
acquired with a Leica microscope.

Cutaneous wound healing and analysis
Full-thickness wounds were generated in the mouse dorsal skin
under sterile conditions as previously described.51 Briefly, 6-week-
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old male or female mice were subjected to two excisional wounds
with a sterile disposable biopsy punch (5 mm in diameter;
ThermoFisher Scientific), after shaving and cleaning procedure.
Each wound site was digitally photographed at the indicated time
intervals, and wound areas were determined on photographs
using Adobe PhotoShop (version 7.0; Adobe Systems). Wounds
and their surrounding areas, including the scab and epithelial
margins, were cut at the indicated time intervals for H & E,
immunohistochemistry and immunofluorescence staining.

Phosphoproteomics and data analysis
Samples were prepared as previously described71 with minor
modification. Briefly, MCF10A PTEN+/+ or PTEN-/- cells stably
expressing blank vector, PTEN wild type, Y138L or K66/80R mutant
were subjected to glucose starvation for 16 h followed by glucose
stimulation (25 mM, 1 h). The cell lysates were freshly prepared
using the ProteoPrep Zwitterionic Cell Lysis Kit, Mass Spec Grade
(Protea) with Anti-RNase, Protease/Phosphatase Inhibitor Cocktail,
and N-ethylmaleimide (NEM) (to preserve the native ubiquitina-
tion) supplemented in the lysis buffer. Immunoprecipitation using
anti-phospho-Tyrosine, anti-phosphor-Serine/Threonine antibo-
dies as a pool were performed using Dynabeads® Co-
Immunoprecipitation Kit (Thermo Fisher Scientific) according to
manufacturer’s instruction. Antibodies used in this study are listed
in Supplementary Information, Table S8. The eluted protein
complexes were denatured, reduced, alkylated and digested with
immobilized trypsin (Promega). For TiO2 enrichment of phospho-
peptides, packed tips were sequentially washed with glycolic acid
buffer 2, 99/1 H2O/ACN and eluted with four sequential washes of
5% NH4OH in 1% ACN. Phosphopeptide pellets were resuspended
in 20 μL of 0.1% TFA, and 4 μL was loaded into an LC–MS/MS
system at MD Anderson Cancer Center Proteomics Facility.
Raw MS/MS data were processed using MaxQuant (version

1.5.8.3)72 with the Andromeda search engine73 against the human
SwissProt database (20258 sequences, 02/28/2018) plus the
standard MaxQuant contaminant database. Enzyme specificity
was set to trypsin and up to two missed cleavages were allowed.
Carbamidomethyl (C) was set as a fixed modification and
oxidation (M), acetyl (protein N-term) and phospho (STY) as
variable modifications. A false discovery rate cutoff of 1% was
used at the PSM and protein levels. Reverse and contaminant
matches were removed from the analysis. For phosphopeptide
identification, an Andromeda minimum score and minimum delta
score threshold of 40 and 17 were used, respectively, and only
confidently localized phosphosites (localization probability ≥ 0.75)
were used for downstream analysis. For quantification, only
phosphopeptides consistently identified in all three replicates in
at least one condition were analyzed. Heatmap was generated by
metaX.74

Immunohistochemistry and immunofluorescence
For immunohistochemistry, formalin-fixed paraffin-embedded
mammary glands and skins were deparaffinized. After blocking
in 5% BSA/0.05% Tween-20, primary antibodies were applied.
Antibodies used in this study are listed in Supplementary
Information, Table S8. For all staining, counterstaining with

hematoxylin was performed and DAB positivity was analyzed in
five visual fields at ×200 magnification.
For immunofluorescence, cells or frozen tissues were fixed with

4% PFA at 4 °C for 10 min at room temperature. Both types of
samples were blocked in 10% normal goat serum (NGS), PBS with
0.25% Triton X-100 in for 1 h at room temperature. For staining of
3D culture in Matrigel, 20 µg/mL goat anti-mouse F(ab´)2 fragment
was included in primary block buffer to block the immunoreactive
mouse IgG species in the Matrigel. Antibodies used in this study
are listed in Supplementary Information, Table S8. Slides were
mounted with ProLong Gold anti-fade reagent (Life Technologies)
and imaged with confocal microscope (Zeiss). Five random fields
were selected for each mouse and the number of E-cadherin-
positive cells were scored for the presence or absence of vimentin,
Ub-PTEN (K80), TWIST, or YAP1 co-staining. Quantification was
performed using PerkinElmer InForm Analysis Software. Pseudo-
coloring and non-linear adjustment (γ changes) were applied in
order for the printed images to accurately represent the quality of
the high-resolution screens.

Cell culture and treatments
Human cancer cell lines MDA-MB-231, MDA-MB-468, A549, human
embryonic kidney cell line HEK293T and Mus musculus mammary
gland epithelial cell line NMuMG were purchased from American
Type Culture Collection (ATCC) and Characterized Cell Line Core
Facility (MD Anderson Cancer Center) and were maintained in
Dulbecco’s modified eagle medium (DMEM) supplemented with
10% fetal bovine serum (FBS) at 37 °C in 5% CO2 (v/v). MCF10A
and MCF10A PTEN-/- (Sigma-Aldrich) cells were maintained in
DMEM/F12 medium supplemented with 5% horse serum, 200 ng/
mL epidermal growth factor, 500 ng/mL hydrocortisone, 100 ng/
mL cholera toxin and 10 µg/mL insulin at 37 °C in 5% CO2 (v/v). For
3D culture, the cells were mixed with 2% growth factor reduced
(GFR) Matrigel (BD Biosciences) and then seeded in the eight-well
chamber slide (Thermo Fisher Scientific) pre-coated with GFR
Matrigel for culture at 37 °C in 5% CO2 (v/v) until 15 days. The cells
have been authenticated and tested for mycoplasma contamina-
tion by vendors. For glucose treatment, cells were seeded in
proper dishes. Twenty-four hours later, cells were washed and
refreshed with glucose-free DMEM with 10% dialyzed FBS. Sixteen
hours later, cells were treated with D-glucose (5 or 25 mM; Sigma-
Aldrich) for indicated time in various experiments. For growth
factor treatment, cells were serum starved for 24 h followed by
treatment with Angiotensin II (100 ng/mL), BMP2 (100 ng/mL),
CCL18 (100 ng/mL), CoCl2 (250 µM), Cripto-1 (100 ng/mL), hCTGF
(10 ng/mL), mCTGF (10 ng/mL), EGF (10 ng/mL), FGF2 (10 ng/mL),
HGF (20 ng/mL), IGF-1 (50 ng/mL), IL-1 (10 ng/mL), hIL-6 (10 ng/
mL), mIL-6 (10 ng/mL), IL-8 (10 ng/mL), MMP2 (100 ng/mL), OSM
(50 ng/mL), PDGF (10 ng/mL), PGE2 (10 ng/mL), SDII-1, hSHH
(10 ng/mL), mSHH (10 ng/mL), hTGF-β (10 ng/mL), mTGF-β
(10 ng/mL), TNF-α (10 ng/mL), Wnt3α (50 ng/mL) or CCL21 (100
nM) (Peprotech) for 1 h or 72 h as indicated.

Plasmids construction, transfection and lentiviral transduction
The full-length of MEX3C and PTEN mammalian expression vectors
were obtained from OriGene. Ubiquitin and its corresponding

Fig. 6 Characterization of Ser/Thr-phosphatase activity of polyubiquitinated PTEN in vivo. a Heat map and hierarchical clustering based on
the intensities (log) of phospho-peptides of PTEN+/+, PTEN-/- MCF10A cells expressing blank vector, PTEN WT, Y138L or K66/80R mutants.
Columns and rows are reordered by hierarchical clustering using the genotype. 3 independent biological repeats for each experimental
condition were shown. b In vitro dephosphorylation assay were performed with 32P-labled substrates in the presence of unmodified or
polyubiquitinated PTEN, and analyzed by IB or autoradiography. c Stability of TWIST1 and SNAI1 proteins after CHX treatment (100 µg/mL) for
indicated time in glucose-starved MCF10A PTEN+/+ or MCF10A PTEN-/-cells followed by glucose re-stimulation (5mM or 25mM). d, e IB
detection of indicated proteins in MCF10A PTEN+/+ or MCF10A PTEN-/-cells transfected with indicated vectors followed by glucose starvation
with or without MG132 pre-treatment (5 µM, 6 h) and re-stimulation of glucose (5, 25mM, 1 h). f IB detection using indicated antibodies in
MCF10A PTEN+/+ and MCF10A PTEN-/- cells transfected with indicated expression vectors and siRNAs subjected to glucose starvation and
followed by glucose re-stimulation (5 or 25mM)
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mutants were constructed into pCMV-HA mammalian expression
vector (Clontech). Bacterial expression vectors for His6-tagged
MEX3C (wild-type and mutants) were constructed by subcloning
the corresponding gene sequences into pET-28a vector. His6-
tagged PTEN (wild-type and mutants) were constructed into the
pET-DEST42 vectors using the Gateway system (Life Technologies).
The point or domain deletion mutants were generated from the

wild-type sequence using QuikChange™ Lightning Site-Directed
Mutagenesis Kit (Agilent Technologies). Plasmids transfections
were performed using Lipofectamine3000 (Life Technologies), or
electroporation using 4D-Nucleofector™ System (Lonza) according
to manufacturer’s instruction. Lentiviruses were produced in
HEK293T cells with ViraPower™ Lentiviral Expression System
(Thermo Scientific).
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siRNA, recombinant proteins, antibodies and oligonucleotides
Non-targeting control siRNAs (D-001320), and ON-TARGETplus
SMARTpool siRNA targeting MEX3C (L-006989), and PTEN
(L-003023) from GE Healthcare Dharmacon were used in this
study. The following recombinant proteins were used in this
study. BostonBiochem: GST-UBA1, GST-UBE2D3, UBE2S, MDM2
and Ubiquitin (wild-type, His6-Ubiquitin-AA, G76A, K6R, K11R,
K27R, K29R, K33R, K48R, K63R, K0, K6 only, K6 only, K11 only,
K27 only, K29 only, K33 only, K48 only, K63 only, L73P);
Lifesensors: USP2 and NEDD4; Novus Biologicals: GST-FMRP,
GST-PTEN, GST-MEX3C, GST-Twist1, GST-SNAI1 and GST-YAP1;
Cayman Chemical: PP2A; R&D Systems: PTP1B; OriGene: FLAG-
PTEN. Millipore: His6-GSK3β, His6-AKT, and His6-ABL; Recombi-
nant His6-MEX3C and His6-PTEN proteins were expressed in E.
coli strain BL21-CodonPlus (DE3)-RIPL (Agilent Technologies)
and purified using HisPur™ Cobalt Spin Columns (Life Technol-
ogies). The antibodies and oligonucleotides used in this
study are listed in Supplementary Information, Tables S8, S9
respectively.

RNA isolation, lncRNAs microarray, qRT-PCR, immunoprecipitation
and immunoblotting
Total RNA was isolated from cells using RNeasy Mini Kit (QIAGEN)
following the manufacturer’s protocol. Human lncRNA microarray
3.0 analyses at ArrayStar Inc. were performed as previously
described.75 Primer sequences for RT-QPCR are listed in Supple-
mentary Information Table S9. Cells were homogenized in 1 × RIPA
buffer (EMD Millipore) supplemented with Protease/Phosphatase
Inhibitor Cocktail (Pierce, Thermo Scientific), Panobinostat (Selleck
chemicals) and Methylstat (Sigma-Aldrich). Lysates were cleared
by centrifugation at 13,000 rpm for 15 min at 4 °C. Supernatants
were analyzed for immunoprecipitation with the indicated
antibodies and the immunoprecipitated proteins were either
subjected to immunoblotting or protein identification by mass
spectrometry.

Denaturing immunoprecipitation, silver staining and mass
spectrometry
For the denaturing immunoprecipitation, cell pellets were lysed
using TSD buffer (50 mM Tris–HCl, pH 7.5, 1% SDS, 5 mM DTT), boil
for 10 mins. The cleared lysates were used for immunoprecipita-
tion as described above. The elution were loaded on NuPAGE
4–12% Bis–Tris gel (GenScript). Then the gel was stained using
Pierce Silver Stain for Mass Spectrometry kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions. After silver
staining, specific bands were excised, destained and digested with
immobilized trypsin (Promega) for MS analysis at MD Anderson
Cancer Center Proteomics Facility.

PIP3 mass ELISA and PI3K activity assay
Total cellular PIP3 was quantified using PI(3,4,5)P3 mass ELISA kits
(Echelon Biosciences) following the manufacturer’s protocol. PI3K

activity in cells with indicated treatments was measured using PI3-
Kinase Activity ELISA: Pico (Echelon Biosciences).

E3LITE MEX3C ubiquitin ligase assay and in vitro ubiquitination
assay
E3LITE Customizable Ubiquitin Ligase assay (LifeSensors) were
performed according to the manufacture’s instruciton. In vitro
ubiquitination assays were performed using an ubiquitin protein
conjugation kit (BostonBiochem).

Purification of ubiquitinated PTEN and PTEN phosphatase activity
assay
Recombinant His6-PTEN (WT or mutants) was incubated with
ubiquitin, E1 and indicated E3-E2 pair to form K27-Poly- or K48-
Poly-ubiquitinated PTEN, respectively. The polyubiquitinated PTEN
was purified by His6-TUBE1 (LifeSensors) according to vendor. The
phosphoinositide phosphatase activity of PTEN was detected
using PTEN Activity ELISA kit (Echelon Biosciences). Phospho-Tyr,
phospho-Ser/Thr phosphatase activity of unmodified or polyubi-
quitinated PTEN was assessed by incubating the indicated
enzymes (200–0.006 nM) with indicated generic phospho-
peptide substrates in in vitro phosphatase buffer (25 mM MOPS
at pH 7.0 containing 50mM NaCl, 1 mM DTT and 0.05% Tween® 20
and 50mM Tris–HCl at pH 7.0 containing 0.1 mM CaCl2, 1 mM
NiCl2, 125 µg/mL BSA and 0.05% Tween® 20, respectively) for 30
min at 37 °C. The phosphate released during enzymatic phospha-
tase assays was measured by Malachite Green Phosphate
Detection Kit (Cell Signaling Technologies). A standard curve
derived from the provided phosphate standard was used to
convert A630nm readings obtained in an assay into nanomoles of
phosphate. For the mass spectrometry analysis, 1 µg of PI(3,4,5)P3
diC8 (Echelon Biosciences) or synthesized phospho-Tyr, -Ser or
-Thr-containing peptides were incubated with 500 ng wild-type or
polyubiquitinated PTEN in the reaction buffer described above.
Resulting peptides were purified by ZipTip and analyzed by
MALDI-TOF mass spectrometry.
Recombinant GST-tagged TWIST1, SNAI1 or YAP proteins were

incubated with 50 µL of in vitro kinase assay buffer II (SignalChem)
containing 10 µCi [γ-32P]ATP and His6-tagged protein kinase
(GSK3β for TWIST1 and SNAI1; AKT for YAP1 serine phosphoryla-
tion; c-Abl for YAP1 tyrosine phosphorylation) for 1 h at 30 °C. 32P-
TWIST1, 32P-SNAI1, 32P-Ser-YAP1 or 32P-Tyr-YAP1 were purified by
removing the kinases using HisPur™ Ni-NTA Magnetic Beads
(ThermoFisher Scientific) and incubated with PTEN or PTENK27-

polyUb as described above. The reactions were separated by
SDS–PAGE and detected by autoradiography or immunoblotting
with indicated antibodies.

Determination of Kd value using Alpha assay
Alpha binding assay using Streptavidin Donor beads and anti-His6
AlphaLISA® Acceptor Beads (PerkinElmer) was used to determine
Kd for the PTEN: PIP3, or PTEN: phospho-amino acid interactions

Fig. 7 K27-linked polyubiquitination of PTEN is required for mammary gland morphogenesis. a Immunohistochemistry (IHC) staining of Ub-
PTEN (K80) using normal human tissues. Scale bar: 200 µm. b Schematic of the generation of PtenK80R knockin allele using CRISP-CAS9 method.
c Representative whole mounts of inguinal mammary glands of 3 weeks or 9 weeks PtenWT/WT and PtenK80R/K80R virgin mice. Scale bar: 1 mm
(left panel). Quantification of ductal extension as measured for the longest duct (right panel) (n= 5 animal per group). d Representative
images of the second branch of mammary glands of 9-week old PtenWT/WT and PtenK80R/K80R virgin mice. Scale bar: 500 µm. Quantification of
the number of secondary branch points in indicated mice (n= 5 animal per group). e Representative images of H&E staining of alveoli in the
PtenWT/WT and PtenK80R/K80R luminal epithelial cells during different stages of pregnancy (P15.5 and L0.5) (left panel) and quantification of the
percent alveoli per fat pad (right panel) (n= 5 animal per group). Scale bar: 100 µm. f, g Representative images of immunolabeling for Ub-
PTEN (K80)+ (f) or Vimentin+ (g) cells in the PtenWT/WT and PtenK80R/K80R luminal epithelial cells during different stages of pregnancy (P15.5 and
L0.5) (left panel) and quantification of the percent Ub-PTEN (K80)+ cells (f) or Vimentin+ cells (g) per visual field (×400) (right panel) (n= 5
animal per group). White arrows: Ub-PTEN (K80)+ cells (f) or Vimentin+ cells (g); scale bar: 50 µm. h Representative images of SNAI1/SLUG IHC
staining in the PtenWT/WT and PtenK80R/K80R luminal epithelial cells during different stages of pregnancy (P15.5 and L0.5) (left panel) and
quantification of the percent SNAI1/SLUG+ cells per visual field (×200) (right panel) (n= 5 animal per group). Black arrowheads-SNAI1/SLUG+

cells; scale bar: 100 µm. All error bars, SD, Student’s t-test (n.s. p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001)
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(PerkinElmer) according to manufacturer’s instruction. Saturation
curve and competition curve were generated to determine Kd of
the interaction between biotin-PIP3, biotin-BSA-pTyr, -pSer, -pThr
or biotin-BSA as indicated and His6-PTEN in Alpha format, in which
unlabeled PIP3 (10 µM to 0.01 nM) and BSA-pTyr, -pSer, or -pThr

(400 µM to 0.04 nM) were used as competitor, respectively.
The saturation binding curve and competitive inhibition curve
were calculated based on Alpha signal readings by fitting to a
nonlinear regression “saturation binding” model and a “log
(inhibitor) vs. response-Variable slope (four parameters)” model,
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respectively. The Kd values were calculated using GraphPad Prism
6 software.

Measurement of RNA copy number and protein molecule number
The RNA copy number per cell were performed as previously
described.76 Briefly, total RNA of MCF10A cells with or without
high glucose (25 mM) stimulation were extracted and detected by
qRT-PCR. Standard curve was generated by a serial dilution of
in vitro transcribed GAEA RNA, using 717166.3 as molecular
weight, and total RNA per cell was estimated to be 20 pg. The
absolute molecule number of MEX3C and CD147 were determined
using recombinant protein with a serial-dilution as standard
curves and cell lysates from 10,000 cells using MEX3C ELISA kit
(MyBioSource) and CD147 ELISA kit (R&D systems).

GAEA transcription factor prediction
Through searching the GAEA gene ID (LOC84856 or LINC00839)
using the (https://genome.ucsc.edu/), we chose the 500 bp of
GAEA promotor gene sequence to do the transcription prediction
using two online tools.

Data analysis and statistics
The experiment was set up to use 3–5 samples/repeats per
experiment/group/condition to detect a 2-fold difference with
power of 80% and at the significance level of 0.05 by a two-sided
test for significant studies. For immunoblotting, immunostaining,
immunohistochemical staining, 3D culture, the representative
images are shown. Each of these experiments was independently
repeated for 3–5 times. Analyses of relative gene expression were
determined using the 2−ΔΔCt method with GAPDH or B2M as the
internal reference genes. Results are reported as mean ± standard
error of the mean (S.E.M.) or standard deviation (SD) of at least
three independent experiments. Each exact n value is indicated in
the corresponding figure legend. Statistical analysis was per-
formed using GraphPad Prism 7 software. Comparisons were
performed using unpaired Student’s t-test or one-way ANOVA
(*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001) as indicated
in individual figures. A p-value < 0.05 was considered statistically
significant. The investigators were not blinded to allocation during
experiments and outcome assessment.

Accessions
The raw lncRNAs microarray data has been deposit to GEO (ID:
GSE106729).
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