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The Shp2-induced epithelial disorganization defect
is reversed by HDACG6 inhibition independent of
Cdc4?2
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Regulation of Shp2, a tyrosine phosphatase, critically influences the development of various
diseases. Its role in epithelial lumenogenesis is not clear. Here we show that oncogenic Shp2
dephosphorylates Tuba to decrease Cdc42 activation, leading to the abnormal multi-lumen
formation of epithelial cells. HDAC6 suppression reverses oncogenic Shp2-induced multiple
apical domains and spindle mis-orientation during division in cysts to acquire normal
lumenogenesis. Intriguingly, Cdc42 activity is not restored in this rescued process. We
present evidence that simultaneous reduction in myosin Il and ERK1/2 activity by HDAC6
inhibition is responsible for the reversion. In HER2-positive breast cancer cells, Shp2 also
mediates Cdc42 repression, and HDAC6 inhibition or co-suppression of ERK/myosin I
promotes normal epithelial lumen phenotype without increasing Cdc42 activity. Our data
suggest a mechanism of epithelial disorganization by Shp2 deregulation, and reveal the
cellular context where HDAC6 suppression is capable of establishing normal epithelial
lumenogenesis independent of Cdc42.
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hp2 is a ubiquitously expressed non-receptor protein

tyrosine phosphatase!, and hyper-activation of Shp2 is

related to pathogenesis of many diseases includinf
developmental disorders, cancers and metabolic diseases®™.
Shp2 contains two Src homology-2 (N-SH2 and C-SH2)
domains, and its catalytic domain is in a closed conformation
due to the intramolecular interaction with the N-SH2 domain®,
restricting its phosphatase function. Germline or somatic gain-of-
function mutation such as E76G in N-SH2 domain that disrupts
this closed conformation has been shown to play a causal role in
Noonan syndrome, leukaemia and solid tumours®-%. In addition,
a variety of signalling via disease-associated tyrosine kinases also
deregulate Shp2. For example, HER2 or BCR-ABL causes
constitutive tyrosine phosphorylation of Gab2 that interacts
with Shp2, thus disru}ljting its auto-inhibition to enhance its
phosphatase function®!1.

It has been shown that Shp2 homozygous deletion results in
embryonic lethality due to the lack of ERK activation!?, whereas a
number of Noonan syndrome mouse models have demonstrated
the contribution of Shp2-mediated ERK hyper-activation to the
disease phenotype!®~1°. These mice studies highlight the essential
regulation of ERK by Shp2. In cancer, gain-of-function Shp2 also
causes hyper-activation of Ras/Raf/ERK signalling, leading to the
loss of growth control!®!®. In addition to growth aberration,
Shp2-mediated oncogenesis has been shown to involve the loss of
epithelial organization!”. In severe gastric diseases associated with
Helicobacter pylori infection, it has been shown that CagA,
a pathogenic factor, binds and activates Shp2 to impair
apical-basolateral polaritg and cell-cell junctions, generating
hummingbird phenotype!®1°. In breast cancer study, knockdown
of Shp2 in MCF10A-HER2/3 cells or BT474 cells is sufficient to
rescue hollow lumen phenotypes in three-dimensional (3D)
culture?’-22, However, it remains elusive how oncogenic Shp2
acts to cause epithelial disorganization. Disruption of normal
epithelial morghogenesis is known to cause various diseases and
tumorigenesis>>~2>. Understanding the underlying mechanism
might suggest new therapeutic target for the treatment of diseases
involving Shp2 deregulation.

Normal epithelial lumenogenesis requires the apical-basal
polarity to position apical initiation and the sg)indle orientation
in divisions for developing normal lumen®®. In establishing
apical-basal polarity, Cdc42, a member of Rho GTPase family, is
activated during apical vesicle trafficking to mediate apical
activation of aPKC via complex formation with Par3/Par6 for a
proper apical domain formation?’~%°. In this report, we compare
Cdc42 activity and lumen formation in Madin-Darby Canine
Kidney (MDCK) cells expressing similar level of wild-type (WT)
Shp2 and oncogenic Shp2-E76G (ref. 7) in 3D culture. Our data
demonstrated that Shp2-E76G expression reduced Cdc42 activity,
leading to multi-lumen cyst formation as seen in MDCK with
Cdc42 inactivation®”. The mechanistic investigation indicates that
the function of Tuba, a guanine exchange factor of Cdc42
(refs 31,32), is highly dependent on site-specific tyrosine
phosphorylation. Expression of oncogenic Shp2 suppressed
phosphorylation of Tuba to decrease Cdc42 activity, therefore,
leading to defect in lumen formation. Moreover, the repression of
Cdc42 is also found in HER2-positive breast cancer cells.

HDACS is a deacetylase of tubulin and its inhibition leads to
microtubule hyper-acetylation®3. In this study, we found that
HDACS6 suppression restores normal epithelial lumen formation
in MDCK cells expressing oncogenic Shp2 cells. Intriguingly, this
reversion is independent of Cdc42 signal or aPKC activity. It has
been reported that depletion of HDACG6 attenuates epidermal
growth factor-induced ERK activation®. We have previously
shown that HDACS6 inhibition reduces ERK1/2 phosphorylation
while expression of tubulin mutant deficient of acetylation has an
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inverse effect, indicating the repression of ERK activation by
microtubule acetylation”. Meanwhile, a recent report has
demonstrated that microtubule acetylation by HDAC6
inhibition decreases myosin II activity by promoting myosin
phosphatase binding to myosin light chain (MLC)*® In
agreement, we found that HDAC6 inhibition causes a
concurrent reduction in ERK and myosin II activity. Our data
demonstrate that their co-suppression prevents lumen aberration
not only in MDCK but also HER2-positive breast cancer BT474
cells without increasing Cdc42 activity. Thus, the suppression of
HDACES allows the apical-basal polarity formation in a context
deficient of Cdc42-mediated signal through attenuating ERK and
myosin IIL.

5

Results

Oncogenic Shp2 suppresses Cdc42 and lumenogenesis in MDCK.
We have previously established MDCK stable clones that express
similar level of GFP-Shp2-WT and GFP-Shp2-E76G mutant?>.
To know the effect of oncogenic Shp2-E76G in epithelial
organization, we embedded these cells in Matrigel for 3 days.
Immunofluorescence staining in Shp2-WT cysts showed that
GP135, the apical marker, fused with the apical plasma
membrane to form a single apical domain (Fig. 1a). In contrast,
Shp2-E76G-expressing cysts displayed random distribution of
GP135 vesicles, an indication of early abnormality in apical
domain formation (Fig. 1a). Prolonged incubation of cysts in
Matrigel for 7 days, WT cells formed cysts with a single hollow
lumen in spherical structure, while E76G cysts were in irregular
shape without central lumen formation (Fig. 1b). Western blot
analysis of these cysts showed the protein levels of adherens
junction components unaffected by the expression of oncogenic
Shp2-E76G (Fig. 1c). It was noted that ROCKII was more active
in these cysts as revealed by an increase in autophosphorylation
of ROCKII at S1366 (ref. 37). In agreement, phosphorylation of
MLC was also elevated in these cysts. This observation is
consistent with our previous finding that Shp2 upregulates ROCK
activation®, However, treatment of E76G cells with Y27632, a
specific ROCK inhibitor®®, was unable to restore normal lumen
formation (Supplementary Fig. 1).

Since Cdc42 inactivation also caused multi-lumen phenotype
in MDCK cells*°, we then analysed the activity of Cdc42 in these
cysts. Data showed that E76G cysts had lower activity of Cdc42
than WT cysts (Fig. 1d). Expression of GFP-Cdc42-V12, a
dominant active mutant, partially restored the single lumen
formation in Shp2-E76G cells (Fig. le). These results suggest that
lumen defect in Shp2-E76G cysts involves the suppression of
Cdc42 activity.

Shp2 dephosphorylates Tuba to cause a lumen defect. To
understand the molecular mechanism for Shp2-E76G-induced
downregulation of Cdc42 activity, we tested the effect of
Shp2-E76G expression on the function of Tuba, an essential
guanine exchange factor (GEF) in Cdc42 activation during lumen
formation®2. Due to the low transfection efficiency of MDCK
cells, we used HEK293T cells to analyse the regulation of
endogenous Cdc42 activity by Tuba in relation to oncogenic
Shp2. Either overexpression of Tuba or Vavl, another Cdc42
GEF, was able to increase Cdc42 activity, but co-expression of
Shp2-E76G abolished only Tuba- but not Vavl-induced Cdc42
activation (Fig. 2a and Supplementary Fig. 2). This implies that
Shp2 specifically represses Tuba-mediated Cdc42 activation. The
assessment of GEF activity was further performed by GST-Cdc42-
G15A pull-down analysis*’. The results showed that GEF activity
of hemagglutinin (HA)-Tuba was significantly reduced by
expression of Shp2-E76G (Fig. 2b). Moreover, Shp2 knockdown
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Figure 1 | Expression of oncogenic Shp2 impairs normal epithelial lumen formation through reducing Cdc42 activity. MDCK cells expressing GFP-Shp2-
WT and GFP-Shp2-E76G were embedded in Matrigel. (@) After 2 days, cysts were extracted and fixed for immunofluorescence (IF) staining with antibodies
as indicated. The percentage of cysts with single lumen is shown on the right (312-486 cysts were counted in each experiment, n=3). (b) After 7 days,
cysts were extracted for IF staining, scale bar, 10 um. Right panel shows the percentages of cysts with one single interior hollow lumen (584-767 cysts were
counted in each experiment, n=3). (¢) The 7-day cysts were harvested for western blot analysis with the indicated antibodies. (d) Cysts (2 days) were
extracted for measuring the endogenous Cdc4?2 activity by G-LISA assay. (e) MDCK cells expressing Flag-Shp2-E76G were transfected with the expression
vector of GFP or GFP-Cdc42-V12 and then embedded in Matrigel for 2 days. The formed cysts were fixed for IF stained. The percentage of cysts with single
apical patch is shown below (203-241 green-positive cysts were counted in each experiment, n=3). Scale bars, 10 um. All values are mean + s.d. from
three independent experiments; statistical significance was analysed by two-tailed unpaired Student's t-test. *P<0.05, **P<0.01.

increased tyrosine phosphorylation level of Tuba and Cdc42
activity (Fig. 2c,d). We then tested whether Tuba is a direct
substrate of Shp2. Incubation of phospho-Tuba isolated from cell
lysates with Shp2 immunocomplex abolished the intensity of
tyrosine phosphorylation of Tuba (Fig. 2e), suggesting the
substrate—phosphatase relationship between phospho-Tuba and
Shp2.

A number of phosphatome studies have detected multiple
phosphorylation sites in Tuba protein®!~**. According to these
identified phosphorylated sites, we generated phenylalanine
mutants at Y430, Y456, Y515 and Y1433 sites. Introduction of
Y456F or Y1433F mutation did not affect the phosphorylation
level (Supplementary Fig. 3a). As a contrast, Y430F and Y515F
mutation reduced phosphorylation level of Tuba protein (Fig. 3a).
Tuba mutant with double mutation at Y430 and Y515
residues was further generated. The phosphorylation level of
this Y430F/Y515F Tuba mutant was significantly decreased.
Cdc42-G15A pull-down analysis showed that the GEF activity of
this HA-Tuba YF mutant was very low (Fig. 3b). In agreement,
Cdc42 activity in cells expressing Y430F/Y515F Tuba was lower
than that in WT Tuba cells (Fig. 3c), indicating that the

phosphorylation of these two tyrosine residues positively
regulates the function of Tuba in Cdc42 activation. In
addition to Y430/Y515, our mass spectrometric analysis of
phosphopeptides of Tuba showed phosphorylation of Y1157
sensitive to Shp2-E76G-mediated dephosphorylation (Supple-
mentary Fig. 3B). We further decreased the expression level Tuba
in MDCK cells by small interfering RNA (siRNA) transfection
and re-introduced HA-tagged WT and YF siRNA-resistant
mutant in these cells to evaluate the importance of
phosphorylation at these sites in apical domain formation. The
analysis of cysts showed that Tuba knockdown caused multiple
apical domain. Re-introduction of HA-Tuba expression vectors
that are resistant to siRNA of Tuba indicated that WT, but not
double YF mutant of Tuba, restored single apical domain in 3D
culture (Fig. 3d). In conclusion, deregulation of Shp2 causes
hypophosphorylation of Tuba, in turn decreasing its GEF
function in Cdc42 activation to impair normal epithelial lumen
formation.

HDAC6 suppression reverses epithelial disorganization.
Specific membrane vesicle trafficking that moves along
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Figure 2 | Regulation of Tuba-mediated Cdc42 activation by Shp2. (ab) HEK293T cells were transfected with HA-Tuba in the presence or absence of
Flag-Shp2-E76G as indicated. Cells were harvested for (@) GST-PBD pull-down assay to determine endogenous Cdc42 activity, and (b) GEF activity of
HA-tuba by GST-Cdc42-G15A pull-down assay. The representative Western blots for the assays are shown on the top. The relative Cdc42 and HA-Tuba
GEF activity from three independent experiments are shown below. Data are presented as mean * s.d.; Two-tailed unpaired Student's t-test was performed,
*P<0.05, **P<0.01. (¢) HEK293T cells were transfected with or without Shp2 siRNA for 3 days, followed by transfection with the expression construct
of HA-Tuba. HA-Tuba protein was immunoprecipitated with anti-HA beads for western blotting with anti-phosphotyrosine (4G10) and anti-HA antibodies.
The total lysates were also subjected to Western blot analysis as indicated. (d) Cdc42 activity was measured by G-LISA assay in cells with and without
Shp2 knockdown. Values are mean = S.D from three independent experiments. **P<0.01 based on 2-tailed unpaired Student's t test.

(e) Immunoprecipitated HA-Tuba protein from pervanadate-treated cells was incubated with increasing amounts of immunopurified Flag-Shp2-E76G

protein at 30 °C for 30 min and analyzed by western blotting as indicated.

microtubule  controls  epithelial ~ basal-apical  polarity?’.
Microtubule acetylation regulated by HDAC6 influences
microtubule stability’>3>. To learn the relationship between

microtubule acetylation and lumen defect in 3D culture, we
decreased the expression level of HDAC6 by siRNA transfection
in Shp2-E76G cells. Notably, this treatment increased
microtubule acetylation with concurrent reduction in
phosphorylation of both ERK1/2 and MLC (Fig. 4a). By
examining the 3-day cysts, we found that HDAC6 knockdown
restored the apical delivery of GP135 in Shp2-E76G cells to have a
single lumen (Fig. 4b). Conversely, overexpression of HDAC6 in
control MDCK was sufficient to cause multiple apical domain
formation (Fig. 4c). To assure the specific involvement of
microtubule acetylation in determining lumen morphogenesis,
we further expressed unacetylable tubulin K40R mutant in
control MDCK cells to specifically decrease microtubule
acetylation. The K40R-tubulin mutant cyst also displayed
multi-lumen phenotype, indicating a critical role of microtubule
acetylation in normal lumenogenesis (Fig. 4d). It is worth of
noting that overexpression of HDAC6 elevated phosphorylation
of ERK1/2 and MLC (Supplementary Fig. 4). In conclusion,
suppression of HDAC6 rescues normal lumen formation in
Shp2-E76G cells, accompanied by microtubule hyperacetylation
and co-suppression of ERK and myosin II activity. Conversely,
HDACS6 overexpression that causes microtubule hypoacetylation
is sufficient to block this process in the control MDCK cells.

Blocking HDAC6 causes Cdc42 dispensable for lumenogenesis.
It is known that the first cell division of MDCK cells in Matri%el
defines the location of the apical plasma membrane domain®®
Shp2-E76G cells at two-cell stage showed multiple apical vacuoles
formation, as indicated by GP135 staining. Treatment of these
cells with tubacin, a highly potent and cell-permeable inhibitor of

4

HDACS6 (ref. 44), gave a single apical domain in two-cell and
four-cell stage (Fig. 5a), leading to normal lumen formation in 7
days of 3D culture (Supplementary Fig. 5).

During the metaphase of a second or later division
round, proper spindle orientation in cyst is critical for
normal lumenogenesis dependent on Cdc42/Par6/Par3/aPKC
complex®?4>46 "We then measured the angle between the
spindle axis and the line connecting the centroid of cyst and
midpoint of spindle axis. In Shp2-WT cysts, the line is
predominantly perpendicular to the spindle axis. Oncogenic
Shp2-E76G expression caused metaphase spindles tilted in a wide
range. The average angle between the spindle axis and the line
was about 50°, while in tubacin-treated cells, the alignment of the
metaphase spindles was in the normal range as seen in WT cells
(Fig. 5b).

We further analysed the effect of tubacin on Cdc42 activity of
cell embedded in Matrigel. It turned out that HDAC6 inhibition
did not resume Cdc42 activity (Fig. 5c). This result evoked a
question whether HDACG6 inhibition allows cells to develop
normal apical domain formation independent of Cdc42. To this
end, GFP-Cdc42-N17, a dominant-negative mutant, was
expressed in control MDCK cells to address this question. As
expected, inactivation of Cdc42 impairs normal apical domain
formation. Interestingly, treatment of these cells with tubacin was
also capable of reversing the defect to form single apical domain
formation in 2-day cysts (Fig. 5d). Given that site-specific
activation of aPKC by Cdc42/Par6/aPKC and Par3/aPKC
pathway are essential for apical initiation and proper spindle
orientation, we treated control MDCK cells with aPKC inhibitor,
a pseudosubstrate®’. As expected, their metaphase spindles were
tilted to an average of 30°. Tubacin co-treatment rescued mitotic
spindle to near 90° angle towards the centre of cyst (Fig. 5e). As a
result, these cells developed normal lumen with single apical
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Figure 3 | Dephosphorylation at Y430/Y515 by oncogenic Shp2 impairs Tuba-mediated Cdc42 activation and normal lumen formation. (a) HEK293T
cells were transiently transfected with HA-Tuba of WT and various mutants carrying Y —F mutation as indicated. Cells were treated with pervandate
(50 uM) for 5min before harvested for immunoprecipitation with anti-HA antibody. The immunoprecipitates were analysed by western blot with anti-
phosphotyrosine (4G10) antibody followed by reporbing with anti-HA antibody. (b,c) HEK293T cells were transfected with control vector or HA-Tuba WT
or YF (Y430/515F) mutant and harvested for (b) measuring GEF activity of HA-tuba by GST-Cdc42-G15A pull-down assay, and (¢) endogenous Cdc42
activity by GST-PBD pull-down assay. The relative Cdc42 and HA-Tuba GEF activity from three independent experiments are shown. (d) MDCK cells were
co-transfected with Tuba siRNA and WT or 430/515YF mutant of HA-Tuba and then cultured in Matrigel for 2 days. Cysts were extracted for IF staining
with anti-GP135 (red) and anti-HA (green) antibodies and Hoechst (blue), scale bar,10 um. The percentage of cysts with single apical patch is shown on the
right (113-179 cysts were counted in each experiment, n=3). Data are presented as mean * s.d. from three independent experiments; two-tailed unpaired

Student'’s t-test. *P<0.05, **P<0.01.

domain (Supplementary Fig. 6). Clearly, inhibition of HDAC6
overcomes the loss of aPKC activity to reorient mitotic
spindle properly. Thus, the restoration of normal epithelial
lumenogenesis by suppressing HDAC6 function is independent
of Cdc42 and aPKC activation.

Concurrent reduction in ERK/myosin II in lumen organization.
We also performed the western blot analysis of 3D cysts. Like
HDACS6 depletion, tubacin treatment also increased acetyl-o-
tubulin and reduced phosphorylation of both ERK1/2 and MLC
(Fig. 6a). By measuring the cell number in each cyst after 3 days
of 3D cultures, we found more cells in E76G than WT Shp2 cysts,
indicating that oncogenic Shp2 facilitates cell growth in the cyst
structure (Supplementary Fig. 7A). Tubacin treatment reduced
the cell number and Ki67 staining, a marker of proliferation,
in each Shp2-E76G cyst to the level similar to WT Shp2 cyst,
suggesting that HDACS6 inhibition resets the normal growth in
3D culture (Supplementary Fig. 7B).

Next, we treated cells with the inhibitor of MEK1/2 and
ROCK, U0126 (ref. 48) and Y27632 (ref. 39), respectively, to test
whether suppression of ERK and ROCK-mediated MLC
phosphorylation® contribute to the rescued effect by tubacin.
Aberration in apical initiation in two-cell stage of E76G cysts was
reverted to a single apical domain by simultaneous treatment of
U0126 and Y27632 (Fig. 6b). The individual treatments had no
effect on restoring a single apical domain in two-cell stage of
Shp2E76 cells. Consistently, co-treatment with U0126 and

Y27632, but not the individual treatment, rescued Shp2-E76G
cells to expand normal lumen formation in a 7-day culture
(Supplementary Fig. 8). Of note, Cdc42 activity in Shp2-E76G
cyst was not increased by U0126 and Y27632 treatment (Fig. 6¢).
Thus, concurrent suppression of ERK1/2 and myosin II has the
same effect as HDAC6 inhibition in preventing lumen defect
without restoring Cdc42 activity. Overexpression of HDAC6 that
caused abnormal apical domain defect in control MDCK cells was
also reversed by the combinatorial treatment of U0126 and
Y27632 (Fig. 6d). Based on these results, we hypothesized that
hyperactivation of Shp2 impairs Tuba-Cdc42 signal and decreases
microtubule acetylation. HDAC6 inhibition highly promotes
microtubule acetylation to make a double play in suppressing
myosin II-mediated contractility and hyperactivation of ERK1/2
simultaneously. This cellular context overcomes oncogenic
Shp2-E76G-induced Cdc42 defect to enable normal growth and
lumenogenesis in 3D culture. We further tested the effect of
co-suppression of MEK and ROCK on reversing aberration of
apical domain in control MDCK cells expressing Cdc42-N17 or
treated with aPKC inhibitor. Like tubacin, this co-treatment
rescued normal apical domain formation (Fig. 6e,f).

Shp2 represses Cdc42 in the lumen defect of cancer cells. Next,
we examined these findings relevant to cancer. Shp2 deregulation
by oncogenic HER2 that causes epithelial disorganization has
been documented in breast cancer’’->2. We compared Cdc42
activity in different breast cancer cell lines to assess the
relationship of Cdc42 activity with HER2 expression. The result
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Figure 4 | Role of HDAC6 in lumen formation and Microtubule acetylation in normal lumenogenesis. MDCK cells expressing GFP-Shp2-WT and
GFP-Shp2-E76G were transfected with HDAC6 siRNA. (@) Western blot analysis. RT-PCR shows the knockdown effect.(b) Cells grown in Matrigel for 2
days were fixed for immunostained with antibodies as indicated. The percentage of cysts with single apical domain is shown in the right (516-641 cysts
were counted in each experiment, n=3). (¢) Control MDCK cells were co-transfected with control vector or HDAC6-Flag with GFP-C1 (amount of DNA
ratio at 3:1). These cells were embedded into Matrigel for 2 days. Cysts were fixed for IF staining as indicated. The percentage of GFP positive cysts with
single apical domain is shown at the bottom (167-193 green cysts were counted in each experiment, n=3). (d) Control MDCK cells were transfected with
GFP-Tubulin WT or K40R mutant and embedded in Matrigel for 2 days. Cysts were fixed for IF staining with anti-GP135 (red) and Hoechst (blue), scale bar,
10 um. The percentage of cysts with single apical domain is shown below (104-121 green-positive cysts were counted in each experiment, n=3). Values are
mean £ s.d. from three independent experiments. **P<0.01 based on two-tailed unpaired Student's t-test.

showed that BT474 cells with strongest HER2-postive signal had
the lowest Cdc42 activity (Fig. 7a). Knockdown of Shp2 in BT474
cells increased Cdc42 activity (Fig. 7b), supporting the negative
regulation of Cdc42 by Shp2. This might explain why knockdown
of Shp2 is able to restore normal lumen formation in BT474
cells?9-22, We then tested the effect of tubacin treatment on cyst
formation of BT474 cells in 3D cultures. BT474 cells developed
irregular cysts without central lumen. Similar to Shp2-E76G
MDCK cells, treatment of BT474 cells with tubacin reduced
phosphorylation of ERK1/2 and MLC, and promoted normal
apical domain without increasing Cdc42 activity (Fig. 7c—e). The
combination of U0126 with Y27632 also caused a proportion of
cysts with a central lumen (Fig. 7f). Again, Cdc42 activity in these
cysts was not increased by the treatment (Fig. 7g). Thus,
suppressing HDAC6 or MEK/ROCK together promotes normal
epithelial organization in HER2-positive BT474 cancer cells that
have low Cdc42 function.

Discussion

Epithelial morphogenesis is important for cell development and
differentiation. Disruption of this process causes various diseases
and is involved in tumorigenesis?®*~2®. Several epithelial polarity
regulators have been shown to have tumor suppressor function
and can cooperate with oncogenes to drive metastasis.

In this study, we highlight the disruption of lumenogenesis by
oncogenic function of Shp2 through decreasing Cdc42 activity.
Our mechanistic investigation reveals that tyrosine 430/515
phosphorylation of Tuba positively regulates its GEF function
in Cdc42 activation. Aberrant Shp2 activation reduces tyrosine
phosphorylation of Tuba to decrease Cdc42 activity. Therefore,
oncogenic Shp2 impairs normal lumenogenesis via repressing
Cdc42 activation.

Tuba is a scaffold protein that links dynamin with actin-
regulating proteins>!. It is a specific Cdc42 guanine exchange
factor in Rablla-mediated transcytotic pathway essential for
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Figure 5 | HDACG inhibition allows normal apical domain formation independent of Cdc42 signal. (a,b) MDCK expressing GFP-Shp2-WT or GFP-Shp2-
E76G were embedded in Matrigel and treated with or without 1pM of tubacin for 24 h. (@) Cyst were extracted for IF staining analysis, and the percentage
of cysts with single apical domain is shown in the right (514-637 cysts were counted in each experiment, n=3.) (b) Cyst cultures were further treated with
10 uM of RO-3306 for 16 h to synchronize cells at the G2/M phase, and then released by replacement with normal medium for 40-50 min. Cysts were
extracted for spindle analysis by a-tubulin IF and Hoechst staining. The angle between the spindle axis (thick line) and the thin line connecting the centre of
cyst and the midpoint of spindle axis was measured. Scatter diagram of metaphase spindle angles are shown on the right. The data are presented as
mean £ s.e.m.; (n=20). (¢) MDCK cells stably expressing GFP-Shp2-WT or E76G mutant were treated with tubacin (1pM) for 2 days and harvested for
Cdc42 activity by G-LISA assay. (d) GFP or GFP-Cdc42-N17-expressing MDCK cells in Matrigel and treated with tubacin (1uM) for 2 days. Cysts were
fixed and IF stained with antibodies as indicated. The percentage of cysts with single lumen is shown at the bottom (100 green-positive cysts were counted
in each experiment, n=3). Values are mean * s.d. from three independent experiments.*P<0.05, **P<0.01 based on two-tailed unpaired Student's t-test.
(e) MDCK cells in Matrigel were treated with 20 pM of aPKC inhibitor with or without tubacin (1uM) for 24 h, followed by synchronization with RO-3306
for spindle observation. Right panel shows the spindle angle and data were presented as (b). ***P<0.001 based on two-tailed Student’s t-test. Scale bars,
10 pm.
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Figure 6 | The involvement of ERK/Myosin Il in restoring normal lumenogenesis by HDAC6 inhibition. Shp2-WT and E76G cells were embedded in
Matrigel for 2 days. (@) Western blot analysis of 2-day cysts that had been daily treated with tubacin (1puM). (b) Cyst cultures were treated with Y27632
(10 uM), U0126 (10 uM) or their combination for 2 days. Cysts were extracted for IF staining with antibodies as indicated, scale bar, 10 um. The percentage
of cysts with single apical domain is shown below (323-381 cysts were counted in each experiment, n=3). Data are presented as mean = s.d. from three
independent experiments; two-tailed unpaired Student's t-test. **P<0.01. (¢) The cysts were harvested for Cdc42 activity by G-LISA assay. (d) Control
MDCK cells were transfected with the vector GFP-C1 in the presence of control vector or HDAC6-Flag as indicated (amount of DNA ratio at 1:3). These
cells were embedded in Matrigel and treated with Y27632/U0126. Cysts were extracted and fixed for IF staining with GP135. Percentage of cysts with
single apical domain (158-163 green-positive cysts were counted in each experiment, n=3) is shown below and analysed by two-tailed unpaired Student’s
t-test. **P<0.01. (e) Control MDCK cells transfected with the vector GFP-C1 or GFP-Cdc42-N17 were embedded in Matrigel and treated without and with
Y27632/ U0126. Cysts were extracted and stained with GP135 (red) and Hoechst (blue). The bottom panel shows the percentage of cysts with single
apical domain (104-117 green positive were counted in each experiment, n=3). Statistical significance was analysed by two-tailed unpaired Student's
t-test. **P<0.01. (f) Control MDCK cells were treated with of aPKC inhibitor (20 uM) without and with Y27632/U0126. The percentage of cysts with
single apical domain is shown below (346-393 cysts were counted in each experiment, n=3). Values are mean = s.d. from three independent experiments.
**P<0.01 based on two-tailed unpaired Student's t-test.
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Figure 7 | Shp2 and HDAC6 influence epithelial organization of HER2-positive breast cancer cells. (a) Various breast cancer cell lines were lysed and
subjected for Cdc42 activity assay by GST-PBD pull-down. Relative endogenous Cdc4?2 activity from three independent experiments is shown. Statistical
significance was analysed by two-tailed unpaired Student's t-test. *P<0.05, **P<0.01. (b) BT474 cells were transfected with Shp2 siRNA, and then
harvested for Cdc42 activity assay. Data are presented as mean £ s.d.; statistical significance was analysed by 2-tailed unpaired Student's t-test. *P<0.05,
(c) BT474 cells were daily treated with Tubacin at the indicated concentration for 2 days, and harvested for western blot analysis. (d) Cells were cultured in
Matrigel with daily treatment of tubacin (5 uM) for 2 weeks. These cysts were extracted for IF staining with anti-B-catenin (red) and Hoechst (blue).
Percentage of cysts with single lumen (300 cysts were counted, n=3)Were analysed by two-tailed unpaired Student’s t-test. **P<0.01. (e) Cdc42 activity
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Statistical significance was analysed by two-tailed unpaired Student's t-test. **P<0.01. (g) Cdc42 activity in 2-day cysts by G-LISA assay.

apical vesicle transport, forming the apical membrane domain®.

Knockdown of Tuba has been shown to cause multiple lumens in
epithelial cysts>®*2. This is similar to the phenotype observed in
MDCK cells with Shp2-E76G expression. Since unphosphorylated
Tuba had low GEF activity for Cdc42, Tuba is one of GEF’s
positively regulated by tyrosine phosphorylation. Given
phosophorylated Tuba as a substrate of Shp2, aberrant
activation of Shp2 that decreases Tuba phosphorylation reduces
Cdc42 activity, thereby resulting in multi-lumen as seen in Tuba
depleted cells.

GP135 vesicle transport from basolateral surface to apical
initiation site requires Cdc42 and the exocyst-dependent Rab11a/
Rab8 vesicle docking. The binding of Cdc42 to Par6/Crb3 is
required for aPKC localization to the forming apical membrane at
two-cell stage in 3D culture?*?63%, In this process, interaction of
the exocyst with Par3-aPKC is essential for the vesicle delivery?®.
Subsequent to apical domain formation, Cdc42/Par6/aPKC is
essential for the spindle position for pre-apical patch formation
and lumen expansion. Phosphorylation of Pinl by aPKC causes
14-3-3 binding to exclude Pinl from the apical cortex, thus
preventing spindle misorientation®. In this study, HDAC6
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inhibition restores normal apical domain formation and
prevents the mitotic spindle misorientation in Shp2-E76G cells
without increasing global Cdc42 activity. Importantly, in control
MDCK cells, HDAC6 inhibition not only reverses Cdc42-N17-
induced multiple apical GP135 vacuole formation, but also gives
proper spindle orientation when aPKC is inhibited. These data
imply that HDACS6 inhibition offers a situation to allow apical
targeting and reorient spindle in the epithelial cells without the
need for Cdc42 and aPKC. This evokes the question why
inhibition of HDACS is able to replace the role of Cdc42/Par6/
Par3/aPKC signalling in establishing a single apical domain at
two-cell stage and the proper mitotic spindle positioning in cell
division during luminogenesis. In Shp2-E76G cells, ERK and
ROCK are hyperactive because of Shp2-mediated Ras signalling!3
and dephosphorylation of ROCK?8, Intriguingly, we found that
HDACS inhibition in Shp2-E76G cells simultaneously suppressed
ROCK-mediated MLC phosphorylation and ERK activation.
Conversely, overexpression of HDAC6 leads to hyper-activation
of these two events, indicating both ERK and myosin II activity
are co-regulated by HDAC6. Like HDAC6 inhibition,
co-suppression of ROCK and ERK restores normal apical

9


http://www.nature.com/naturecommunications

ARTICLE

initiation and spindle orientation in Shp2-E76G or aPKC-
inhibited MDCK cells. It has been shown that reduced ROCK
activity is required for centrosomal positioning®">? and GP135
endocytosis from cell periphery?®. Therefore, hyperactivation of
ROCKII in E76G cells contributes to polarity defect. Since Cdc42
is still defective, Y27632 treatment on its own, as expected, has on
effect on multi-lumen formation in Shp2-E76G cells. So, the
unknown issue is the function of ERK1/2 in relation to apical
vesicle trafficking and spindle orientation. In particular,
co-suppression of ERK and ROCK also prevents apical
lumen defect in control MDCK cells with aPKC or Cdc42
inhibition. Therefore, this finding opens a question of how the
reduction of myosin II and ERK1/2 cooperate to allow lumen
formation without Cdc42 or aPKC activation. One possible
scenario is that ERK and ROCK signals form the intrinsic
block(s) for normal apical domain formation; in a condition that
cells proliferate in a normal rate, Cdc42-dependent apical
localization of aPKC is critical for apical domain formation.
When cells proliferate slower, the need for Cdc42 or aPKC
regulation might be compromised by the loss of these intrinsic
blocks to establish an alternative pathway, allowing normal lumen
formation.

In BT474, a HER2-positive breast cancer cell line, we also
found low Cdc42 activity due to Shp2-mediated repression.
Similar to Shp2-E76G MDCK cells, we found that either HDAC6
inhibition alone or co-suppression of ERK and ROCK in BT474
cells promotes their normal epithelial phenotype without
increasing Cdc42 activity. It is known that Shp2 deficient mice
are lethal'>>®, while HDAC6 knockout mice are viable®.
Although Shp2 inhibitor is suggested to have potential in
cancer theragy, the tumor suppressor function of Shp2 has also
been found™. The pleiotropic effects of suppressing HDAC6 in
preventing aberrant Shp2-induced abnormalities in epithelial
growth and morphogenesis suggest the medical implication of
HDACES6 inhibitor in managing the developmental defect and
diseases involving Shp2 deregulation.

Methods

Plasmids and reagents. GFP-Cdc42-WT, -V12 and N17 plasmids were obtained
from Dr T. S. Jou. HA-Tuba (Homo sapiens) plasmid was from Addgene. Primary
antibodies clones and final dilution were as followed: anti-Cdc42 (sc-87, 1:1,000),
anti-ERK2 (sc-154, 1:4,000) and anti-SH-PTP2 (sc-7384, 1:4,000) antibodies were
from Santa Cruz, anti-E-cadherin (13-1900, 1:2,000) and anti-ZO-1 (33-9100,
1:2,000) antibodies were from Zymed, anti-B-actin (A5441, 1:4,000), anti-B-tubulin
(T4026, 1:4,000), anti-o-catenin (C2081, WB:1:2,000, IF: 1:200), anti-MLC (M4401,
1:1,000), anti-o-tubulin (T6199, WB:1:4,000, IF:1:200), and anti-acetyl-o-tubulin
( ' T7451, 1:4,000) antibodies were from Sigma-Aldrich, anti-phospho-p44/42
MAPK (T202/Y204) (4370, 1:4,000), and anti-phospho-MLC2 (T18/S19) (3674S,
1:1,000) antibodies were form Cell Signaling Technology, anti-B-catenin (610154,
WB:1:2,000, IF: 1:200) antibody was from BD Biosciences. Anti-HA antibody
(GTX115044, 1:1,000) was from Genetex. Anti-phosphotyrosine, clone 4G10
(05-321, 1:5,000) was from Millipore. Anti-HER2 and anti-GP135 antibodies were
provided by J. Y. Shew (Genomics Research Center, Academia Sinica) and Dr T. S.
Jou (National Taiwan University College of Medicine), respectively. Anti-pS1366-
ROKII antibody was produced by our laboratory®”. Tubacin were purchased from
Calbiochem. Matrigel was from BD Biosciences. The smart pool siRNA targeting
human Shp2 was obtained from Thermo Fisher Scientific. HDAC6 siRNA
(sense: 5'-GUUUGAUGAGCAACUAAAUATAT-3’) and Tuba siRNA (sense:
5'-CAUAAUACACGUGUAUUAUATAT-3') were obtained from Sigma-Aldrich.

Cell culture. MDCK cells were obtained from American Type Culture Collection.
MDCK stably expressing GFP-Shp2-WT and -E76G cells were generated by
transfection their expression vector carrying Zeocin resistance gene for selection as
previously described. Cell lines were maintained in DMEM supplemented with
10% FBS and 20 ngml ! of doxycycline in a humidified atmosphere of 5%
C0,/95% air at 37 °C. Breast cancer cell lines, MDA-MB231, BT474 and BT483,
were from American Type Culture Collection and cultured in DMEM/F12 medium
supplemented with 10% heat-inactivated FBS.

3D culture. Matrigel was added to a 24-well dish and plated in incubator to allow
20 min for the Matrigel to solidify. Suspension of MDCK cells (5 x 10*ml ~!) were
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mixed in Matrigel (BD Biosciences) and grown in culture medium containing 2%
Matrigel®®. After 2 or 7 days, ice-cold PBS-EDTA was added to detach Matrigel
from bottom and shaken gently for 15 min at 4 °C. The solution was transferred to
microtube and gently shaken until Matrigel has been dissolved completely. Cysts
were centrifuged at 2,000 r.p.m. for 1 min and applied onto a poly-L-lysine-coated
coverslips for immunofluorescence analysis.

Spindle orientation. MDCK cells were embedded in Matrigel and cultured in
eight-well chamber slide for 24 h. To enrich the mitotic population, cysts were
treated with 10 pM of RO-3306 to synchronize at G2/M phase, After 16 h,

cysts were released into normal culture medium for 40-50 min and fixed by
paraformaldehyde. Cysts were stained with o-tubulin and Hoechst. To measure the
spindle orientation, we marked the spindle pole and the centre of the cysts. We
drew a thin line connecting centre of cysts and midpoint of spindle axis. The angle
between the thin line and spindle axis was calculated.

Endogenous Cdc42 activity assay. Endogenous Cdc42 activity was determined
by GST-PBD pull-down assay. Briefly, the lysates were incubated at 4°C for 1h
with GST-PBD beads and the amounts of total and active Cdc42 were detected by
western blot. G-LISA Cdc42 Activation Assay Biochem Kit (Cytoskeleton, BK127)
were used to measure levels of activated Cdc42 in 3D cysts according to the
manufacturer’s instructions.

GEF activity assay of Tuba. HEK293T cells were transfected with HA-Tuba and
lysed in lysis buffer containing 50 mM HEPES, pH 7.5, 1% Triton X-100, 150 mM
NaCl, 20 mM NaF, 1 mM Na;VO,, 1 mM DTT, 1 mM phenylmethylsulphonyl
fluoride and protease inhibitor cocktail. The cell lysates were precleared by
incubation with GST beads for 10 min at 4 °C, after which the supernatants
were collected for pull-down by GST-Cdc42-G15A beads. Cdc42-GI15A is free of
nucleotide binding and has a high affinity for binding with active GEFs. The
precipitated HA-Tuba was analysed by western blot using HA antibody.

In vitro dephosphorylation assay. HA-Tuba protein was immunoprecipitated
from pervanadate-treated HEK293T cells and then incubated with or without
immune-purified Flag-Shp2-E76G protein eluted from M2 beads in a reaction
buffer containing 25 mM of Tris, pH 7.0, 50 mM NaCl, 2mM EDTA, 5mM DTT
and 0.1 mgml ™" of BSA at 30 °C for 30 min, The reaction was stopped by the
addition of Laemmli buffer and boiled at 95°C for 10 min.

Western blot analysis. Cells were washed with ice-cold PBS three times and lysed
in a buffer containing 50 mM Tris-HCI, pH 7.2, 150 mM NaCl, 10 mM MgCl,,
1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM NaF, 2 mM
Na;VO, and protease and phosphatase inhibitor cocktail. Cell lysates were resolved
by SDS-PAGE for immunoblotting with the indicated antibodies and then detected
with peroxidase-conjugated secondary antibodies and chemiluminescent (ECL)
reagent. Uncropped western blots are shown in Supplementary Fig. 9.

Immunofluorescence staining and image analysis. Cells and cysts plated on
glass coverslips or eight-well chamber slide were washed with PBS and fixed with
4% paraformaldehyde for 30 min, followed by permeabilization with 0.3% of
TritonX-100 and blocked with 5.5% of normal goat serum before staining with
primary antibodies. Then, cells were washed and incubated with TRITC-, FITC- or
Alexa-633-conjugated secondary antibodies for 1h. F-actin was detected by
staining with rhodamine-phalloidin. Images were obtained by the Zeiss LSM 510
and LSM 700 confocal laser scanning microscope. ZEN 2009 Light Edition and
AxioVision Rel. 4.8 (Carl Zeiss) software were used for image quantification and
analysis.
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