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Regulation of BMP2K in AP2MI1-mediated EGFR
internalization during the development of gallbladder cancer
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Dear Editor,

Gallbladder cancer (GBC), the most common malignant tumor
of the biliary tract, is a highly invasive form of cancer. Surgical
resection is currently the first line approach to effectively treat
GBC; however, very few patients have the opportunity to receive
radical surgical treatment due to lack of obvious symptoms.' The
median survival of patients with GBC is only 12 months and 5-year
survival rate is <5%, indicating GBC is extremely poor prognosis.
Therefore, it is urgent to identify novel key molecules that can
potentially serve as early diagnostic biomarkers and/or therapeu-
tic targets. The current study focused on the potential role of bone
morphogenetic protein 2 inducible kinase (BMP2K), a serine/
threonine kinase, which was recently identified as clathrin-coated
vesicle-associated protein in the development of GBC; the
outcome may hold diagnostic and therapeutic promising for
clinical practice.

To explore this issue, we first examined both mRNA and protein
levels of BMP2K in 47 GBC tumor tissue and adjacent or
cholecystitis tissue (Supplementary Fig. 1a-d), BMP2K mRNA and
protein expression were decreased in GBC tissue than in adjacent or
cholecystitis tissue. Decreased expression of BMP2K was signifi-
cantly correlated with TNM stage and lymph node metastasis, and
BMP2K, lymph node metastasis, and TNM stages are independent
prognostic factors of GBC (Supplementary Tables 1-3). Consistent
with these data, the patients with lower expression of BMP2K had
decreased overall survival compared with higher levels of BMP2K
(HR=10.097, P<0.05, Fig. 1a). As expected, endogenous mRNA/
protein levels of BMP2K in GBC cell lines were lower than the level
expressed in normal gallbladder epithelial cell HGEpC (Supplemen-
tary Fig. 2a, b). Exogenous introduction of BMP2K gene to EH-GB1
and OCUG-1 cells significantly suppressed cell proliferation and
migration (Supplementary Fig. 2c-h). Animal study confirmed the
inhibitory impact of BMP2K on GBC cells in vivo (Supplementary
Fig. 2i, j).All these results indicated that BMP2K could inhibit GBC
proliferation and migration in vivo and in vitro.

To substantially understand the molecular mechanism of BMP2K
underlying inhibition of GBC, we performed immunoprecipitation-
mass spectrometry (IP-MS) that can efficiently reveal potential
interacting proteins. Consequently, 170 proteins were found as the
potential partners of BMP2K (Fig. 1b). To further analyze functional
link between BMP2K and its interaction candidates, the Metascape
program (http://metascape.org) unveiled 46 proteins involved in
protein kinase binding (Fig. 1b). Based on the activity of BMP2K
related to clathrin-mediated endocytosis, eight predicted candidate
associated with endocytosis (Supplementary Fig. 3a). Combined
results of STRING database (https://string-db.org) (Supplementary
Fig. 3b), PIK3CG, arachidonate 15-lipoxygenase (ALOX15), and AP-2
clathrin adaptor complex (AP2M1) were subsequently selected for
the following study. We discovered that the endogenous and
exogenous BMP2K interacted with AP2M1 and ALOX15 (Fig. 1c,

Received: 4 April 2020 Revised: 6 July 2020 Accepted: 7 July 2020
Published online: 13 August 2020

© The Author(s) 2020

; https://doi.org/10.1038/541392-020-00250-3

Supplementary Fig. 3c—g), these results support the model that
BMP2K interacts with AP2M1 and ALOX15.

Given that protein kinases regulate their substrate activity
mainly through protein phosphorylation. And BMP2K is a serine/
threonine kinase, we determined the likelihood of serine/threonine
phosphorylation of AP2M1 as the substrate of BMP2K. Transfection
of Flag-tagged BMP2K led to an increase in serine/threonine
phosphorylation of AP2M1 (Supplementary Fig. 4a). Overexpres-
sion or downexpression of BMP2K increased or decreased serine/
threonine phosphorylation of AP2M1 (Supplementary Fig. 4b). As
BMP2K shares 42% amino acid similarity with AAK1 that activates
AP2M1 by phosphorylating threonine at 156, we sought to
determine the same activity of BMP2K as AAK1 in AP2M1
phosphorylation. Mutation of AP2M1 at Thr156 led to failure of
BMP2K to phosphorylate AP2M1 (Supplementary Fig. 4c), and the
western blotting results showed that overexpression or knock-
down expression of BMP2K increased or decreased, respectively,
the expression of phosphorylated AP2M1 at Thr156, but did not
alter the non-phosphorylated AP2M1 (Supplementary Fig. 4d),
which indicate that BMP2K induces AP2M1 threonine phosphor-
ylation at 156. Moreover, the results of co-expression of si-BMP2K
and AP2M1 showed cell proliferation inhibition of BMP2K is at least
partially mediated by AP2M1 phosphorylation at Thr156 (Fig. 1d).

ALOX15 has been implicated in many pathologic aspects of
tumor progression including angiogenesis, inflammation, and
metastasis.® In this study, we found inhibition of ALOX15 using
either knockdown of ALOX15 gene or a specific inhibitor
PD146176 suppressed EH-GB1 cell proliferation and overexpres-
sion of ALOX15 in NOZ cells promoted cell proliferation
(Supplementary Fig. 5a—c). To investigate the relationship
between ALOX15 and BMP2K, western blotting assay indicates
knockdown of ALOX15 gene induced expression of BMP2K and
phosphorylated AP2M1-T156, whereas overexpression of ALOX15
inhibited the expression of BMP2K and phosphorylated AP2M1 at
Thr156 (Fig. 1e). In vivo experiment confirmed our assumption
that ALOX15, as the upstream of BMP2K, negatively regulates
BMP2K (Supplementary Fig. 5d, e).

To interrogate what are potential downstream effectors of
AP2M1 that may mediate the development of GBC, Human XL
Oncology Array Kit from RandD Systems was used to detect
differential downstream protein expression profile of ALOX15/
BMP2K/AP2M1. AP2M1 overexpression decreased expression of
EGFR and others (Fig. 1f). Nakazawa et al* reported that
overexpression of EGFR has been implicated in GBC progression.
It is emerging that degradation and ultimate fate of EGFR protein
in the cells determine the duration of its membrane kinase
activity. EGFR harbors a YXX® consensus sequence in its
cytoplasmic tail, which binds to AP2M1 to initiate internalization
signaling.> AP2M1 unexpectedly failed to associate with EGFR
(Supplementary Fig. 6a), however, overexpression of AP2M1

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-020-00250-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-020-00250-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-020-00250-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-020-00250-3&domain=pdf
http://metascape.org
https://string-db.org
www.nature.com/sigtrans

Letter

a b

[14/R-HSA-156902: Peptide chain elongation
1004 62 GO:0002366: leukocyte activation involved in immune response
4.9 R-HSA-75153: Apoptotic execution phase
- =k= BMP2K(+) 4.6 (G0:0043163: cell envelope organization
© — CORUM:1092: PCNA-KU antigen complex
> 801 == BMP2K(-) [ 145 G0:0031640: killing of cells of other organism
> — G0:0019901: protein kinase binding
5 P<0.001 139 CORUM:486: WIP-WASp-actin-myosin-ila complex
o 607 HR=0.097 37 G0:0071103: DNA conformation change
—_ : 33;16 G0:0002820: negative regulation of adaptive immune response
© ) G0:0015643: toxic substance binding
2 404 %I 33 G0:0050839: cell adhesion molecule binding
@ % 32 GO:0016024: CDP-diacylglycerol biosynthetic process
o 31 CORUM:6671: PI4K2A-WASH complex
204 3.1 CORUM:5611: Emerin complex 24
3.0 GO:0051259: protein complex
129 G0:0022618: ribonucleoprotein complex assembly
29 G0:0001895: retina homeostasis
0 T T T 1 2.8 G0:0034109: homotypic cell-cell adhesion
0 10 20 30 40 127 CORUM:5615: Emerin complex 52
Month after sugery 0 2 4 6 8 10 12 14
-10g10(P)
C 2 L o
+ e e s & & & F
< o & Sy £F &9
§ & input & & Noz 5§ & ¥
nput © 9 3 AN P-AP2M1
BMP2K ~ BMP2K TP e siconevectsr " - - -
V] z = SIBMP2KeVector -T156 =
= ) 154 — siBmp2k+aP2M1 “ “ —
] - R —— SIBMP2K+AP2M1-T156D R AP2M1
apov [ (3 ALOX1S S | T :
= 35 - -
<
~N _\:\ 3 BMP2K E
o & 09 _ - .- ‘
Input & ¢ 5 Input & ¢ 5 ” ALOX15
vz [ . sve2k B ool GapDH N . ——
] [y 6h Dayl Day2 Day3 Dayd4 Days
N o
AP2M1 /W= W | 2 Ox15 % EH-GB1 EH-GB1  NOZ
=
2
f (1] [ 1] Vector AP2M1
oo L (s8]
L X EGFR Dynasore - - + - - +
- o0
L EGF - + + - + +
S 3
> oo ool EGFR e o #m s s @ |3
Survivin &
lee] g
o0 Vimentin Na/K ATPase St S s S — E
o
oo Py
. 8] EGFR | we Wil Wm won @ | o
e EGFR -
= ood AP2M1 e - —— T
= — 2
E oo oe] GAPDH e s s o s s | >
[eel Survivin
(1] Vimentin
h EGF ©® o ] o
® o J Y ° ® U °
[ ] Y T o T T
° | AP2M1 Plasma Membrane
EGFS \ / o
BMP2K - 2
EGFR signal Clathrin-coated pit

o
AKT R ‘(
/ \ \— Dynasore

Cell growth  Proliferation

J
EGFR signal T
- Degradation
® EGF

AP2M1

BMP2K [ ]
Y A
EGFR Lysosome

Fig. 1 Regulation of BMP2K in AP2M1-mediated EGFR internalization during the development of gallbladder cancer. a Kaplan-Meier curve of
overall survival among GBC patients stratified based on BMP2K expression. b GO analysis of BMP2K and its interaction proteins in Metascape.
¢ Co-IP between endogenous BMP2K and AP2M1 or ALOX15. d CCK8 analysis of siBMP2Kand AP2M1 or AP2M1-T156A-expressing NOZ cells.
e Corresponding protein changes in ALOX15-shRNA, overexpressing, or inhibitor-treated cells by western blotting analysis. f Human XL
Oncology Array Kit from RandD Systems was used to identify the novel mediators in GBC cells. g As overexpression AP2M1 treated with EGF
or Dynasore (50 mM) for 2h, membrane surface EGFR was measured by western blotting analysis. h A proposed scheme of EGFR

internalization regulated by ALOX15-BMP2K-AP2M1 axis
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decreased expression of EGFR and its intracellular signaling p-AKT
upon exposure to EGF from 0 to 30 min, overexpression of AP2M1-
T156A partially attenuated the decreased levels of EGFR compared
with AP2M1 (Supplementary Fig. 6a-c). In addition, AP2M1
overexpression induced EGFR translocation from membrane to
cytoplasm, and the translocation induced by AP2M1 was blocked
by Dynasore, an inhibitor of endocytic pathways (Fig. 1g). The
results of flow cytometry were in agreement with western blotting
results, which demonstrate that AP2M1 mediates EGF-induced
EGFR internalization through cellular endocytosis (Supplementary
Fig. 6d).

In order to provide clinical evidence strongly supporting the
potential regulation of EGFR by the ALOX15-BMP2K-AP2M1 axis
in GBC, their expression associations in cancer tissues were
detected, and the results showed a positive correction between
BMP2K and AP2M1, but a negative correlation between BMP2K
and ALOX15 (Supplementary Fig. 7a). In concert with these
associations, IHC studies indicated 60 GBC expressed higher levels
of ALOX15 but lower levels of AP2M1 than those found in
cholecystitis tissues (Supplementary Fig. 7b, c). Collectively, these
results indicate that ALOX15-BMP2K-AP2M1 axis acts as a key
molecular mechanism to regulate EGFR internalization during GBC
development (Fig. 1h).

In sum, we found that ALOX15 negatively regulates BMP2K
expression that phosphorylates AP2M1 at Thr156 and subse-
quently induces EGFR internalization. Our data suggest a novel
regulatory axis of ALOX15-BMP2K-AP2M1 underlying EGFR
endocytosis, underscoring potential therapeutic targets for GBC
therapy.
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