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ABSTRACT The human CD99 protein is a 32-kDa glycosylated transmembrane pro-
tein that regulates various cellular responses, including cell adhesion and leukocyte
extravasation. We previously reported that CD99 activation suppresses �1 integrin
activity through dephosphorylation of focal adhesion kinase (FAK) at Y397. We ex-
plored a molecular mechanism underlying the suppression of �1 integrin activity by
CD99 agonists and its relevance to tumor growth in vivo. CD99-Fc fusion proteins or
a series of CD99-derived peptides suppressed �1 integrin activity by specifically in-
teracting with three conserved motifs of the CD99 extracellular domain. CD99CRIII3,
a representative CD99-derived 3-mer peptide, facilitated protein kinase A-SHP2 inter-
action and subsequent activation of the HRAS/RAF1/MEK/ERK signaling pathway.
Subsequently, CD99CRIII3 induced FAK phosphorylation at S910, which led to the re-
cruitment of PTPN12 and PIN1 to FAK, followed by FAK dephosphorylation at Y397.
Taken together, these results indicate that CD99-derived agonist ligands inhibit
fibronectin-mediated �1 integrin activation through the SHP2/ERK/PTPN12/FAK sig-
naling pathway.
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Integrins are transmembrane heterodimeric receptors composed of noncovalently
bound � and � subunits that participate in cell-cell or cell-substrate interactions. The

affinity or avidity of integrins is tightly regulated by the bidirectional transmission
processes between intracellular and extracellular compartments. Binding of transmem-
brane integrins to the extracellular matrix (ECM) causes conformational changes in the
extracellular domain, leading to increased ligand binding affinity. This increase then
propagates a signal to the cytoplasmic domain to modify intracellular protein-
interacting sites, thus providing a physical link to the intracellular cytoskeleton. This is
known as outside-in signaling (1). Another process for integrin activation, called
inside-out signaling, occurs when intracellular signals initiated by other cell surface
receptors foster either adapter protein (talin or kindlin) binding to or dissociation from
the cytoplasmic ends of the integrin � subunits; this subsequently regulates the
binding capacity of integrin (2–4). The actin cytoskeleton could be linked to the
extracellular environment through an inside-out and/or an outside-in signaling path-
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way, triggering several cellular responses. Therefore, it has been suggested that these
two processes play a critical role in cell adhesion, spreading, migration, differentiation,
and proliferation, thereby being essential for metazoan development, physiology, and
pathology (5).

Integrins are among the major cell adhesion molecules involved in various
stages of tumor progression (6–10). �1 integrins are the most commonly expressed
integrins in tumor cells and are key players in tumor metastasis (11, 12). Extensive
studies have established the relationship between �1 integrin expression levels and
tumor metastatic potential in mouse models. For example, metastatic tumors
showed much higher expression of �1 integrin than nonmetastatic tumors (13).
Head and neck squamous cell carcinoma cells exhibiting low �1 integrin expression
showed a significant reduction in lymph node and lung metastases in vivo. In
addition, treatment of carcinoma cells with a monoclonal antibody (MAb) against
human �1 integrin inhibited cell adhesion to ECM and acetone-fixed tissues and
invasion through a basement membrane (14). Furthermore, the antibody treatment
significantly inhibited liver metastasis of carcinoma cells in vivo. ATN-161, a peptide
antagonist of �5�1, also notably decreased tumor growth and metastasis in a
human breast cancer cell xenograft model (15). However, stable knockdown of �1
integrin and subsequent reconstitution with constitutively active �1 integrin in
melanoma or breast cancer cell lines significantly increased hepatic colonization of
tumor cells in chicken embryos or mice (16). Moreover, forced expression of �1
integrin significantly increased the metastasis of RAS-MYC-transformed fibroblasts
with a disrupted �1 integrin gene (17). Thus, these important roles of �1 integrin
in the hallmark of metastatic cancer suggest that it may represent a potential target
for cancer therapy.

CD99 is a 32-kDa transmembrane glycoprotein ubiquitously expressed in almost all
human cell types. CD99 is implicated in multiple cellular responses, including cell
apoptosis, differentiation, transport of membrane proteins, and activation and prolif-
eration of lymphocytes (18–23). The physiological significance of CD99 engagement
has been clearly shown by an essential role for CD99 in the regulation of the transen-
dothelial migration (TEM) of immune cells (24–26). The homophilic interaction of
endothelial CD99 with leukocyte CD99 facilitates leukocyte TEM by promoting the
recruitment of the lateral border recycling compartment to the site of TEM through
protein kinase A (PKA) signaling (27). In addition, Ensemble’s genomic database sug-
gests that alternative splicing of CD99 mRNAs could produce the secretory isoform of
CD99, which may play a significant physiological role as a CD99 ligand. Regulatory roles
for CD99 have been implicated in pathological conditions as well. CD99 engagement
reduces the malignant potential of Ewing sarcoma by inducing apoptosis or methuosis
(21, 28, 29) and increased natural killer cell-mediated tumor lysis by inducing HSP70
expression (23). In addition, CD99 inhibits tumor metastasis through the suppression of
C-SRC and ROCK2 activities in osteosarcoma (30–32). Notably, we reported that CD99
engagement blocks CD98-mediated �1 integrin signaling, which could suppress tumor
progression by inhibiting a positive feedback loop of CD98/�1 integrin/focal adhesion
kinase (FAK)/RHOA/ROCK (33).

In this study, we investigated the molecular mechanism through which CD99
ligands suppress fibronectin-mediated activation of �1 integrin in breast carcinoma
MCF-7 cells. CD99-Fc fusion proteins or a series of CD99 peptides from conserved
motifs of the CD99 extracellular domain function as ligands. CD99-derived agonist
ligands activate PKA and the subsequent SHP2 recruitment. PKA-activated SHP2 then
induces ERK1/2 phosphorylation via the HRAS/RAF1/MEK signaling pathway. Subse-
quently, they inversely regulate FAK phosphorylation at residues Y397 and S910
through intracellular tyrosine phosphatase PTPN12 and peptidyl-prolyl cis/trans PIN1.
Collectively, our studies suggest that the CD99 agonist ligand may suppress �1 integrin
activity via the PKA/SHP2/ERK1/2/PTPN12/FAK signaling pathway.
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RESULTS
CD99-Fc fusion proteins suppress �1 integrin activity by specifically interact-

ing with three conserved motifs in the CD99 extracellular domain. Our previous
results showed that cross-linking of CD99 with an anti-CD99 MAb suppresses �1
integrin activity (33, 34). Because CD99 interacts homophilically through its N-terminal
extracellular domain (24, 25, 35), we tried to determine whether, similarly to the
anti-CD99 MAb, CD99-derived agonist ligands could modulate �1 integrin activity. First,
we generated plasmid fusions between human IgG Fc and intact extracellular and
transmembrane domains or a series of deletion mutant proteins sequentially lacking
three conserved motifs of the CD99 extracellular domain that were used for production
of the CD99-Fc I, II, III, and IV proteins (Fig. 1A and B). Fluorescence-activated cell sorter
(FACS) analysis showed that recombinant protein CD99-Fc I with an intact CD99
extracellular domain could bind to CD99 expressed on the MCF-7 cell surface (Fig. 1C).
Remarkably, deletion mutant recombinant proteins CD99-Fc II and III maintained their
ability to bind CD99, even though they possess only one or two conserved motifs. In
contrast, the mutant recombinant protein CD99-Fc IV, completely lacking all three
conserved motifs, failed to maintain this binding capacity. These results suggest that
three conserved motifs within the CD99 extracellular domain play a critical role in the
homophilic interaction of CD99.

Here we determined whether the purified recombinant proteins could function as
specific ligands for the cell surface CD99 molecule. Recombinant proteins CD99-Fc I, II,
and III, harboring at least one conserved motif, significantly inhibited cell adhesion to
fibronectin, whereas CD99-Fc IV showed no inhibitory effect (Fig. 1D). In contrast, no
inhibitory effects of the recombinant proteins were observed in cell adhesion to
poly-L-lysine (PLL), which does not involve any participation by �1 integrin. To confirm
these results, we performed a Western blot analysis to identify the change in �1
integrin activity. The CD99-Fc I, II, and III recombinant proteins significantly inhibited �1
integrin activity, while CD99-Fc IV failed to do so (Fig. 1E). Correspondingly, �1 integrin
activity decreased in a dose-dependent manner after CD99-Fc I treatment (Fig. 1F).
Taken together, these results suggest that CD99-Fc proteins containing conserved
motifs induce the suppression of �1 integrin activity through homophilic interactions
of conserved motifs in the extracellular domain of CD99.

CD99 conserved motif-derived peptides behave as ligands, similar to CD99-Fc
fusion proteins. To confirm the functional significance of conserved motifs in the
extracellular domain of CD99, we synthesized three different 7-mer peptides, desig-
nated CD99CRI7, -II7, and -III7, displaying sequences that are similar to each other (Fig.
2A). We performed a competition assay with CD99 peptides and CD99-Fc I to verify
whether they would compete to establish interactions with CD99. Treatment of MCF-7
cells with each of the three peptides partially blocked the binding of CD99-Fc I to CD99
on the cell surface (Fig. 2A). Remarkably, the combination of these three synthetic
peptides resulted in stronger inhibition of the binding of CD99-Fc I to cell surface CD99.
These results suggest that all three conserved regions are involved in the homophilic
interaction of CD99.

These results prompted us to test whether CD99 peptides could regulate cell
attachment and �1 integrin activity similarly to CD99 protein ligands. MCF-7 cell
adhesion to fibronectin was significantly decreased when MCF-7 cells were treated with
each peptide, but adhesion to PLL was not affected (Fig. 2B). In contrast, a control
peptide derived from the juxtatransmembrane region of CD99 failed to decrease cell
adhesion to fibronectin. Similar results were obtained with human breast carcinoma
MDA-MB-231 cells and human embryonic kidney 293T (HEK293T) cells (Fig. 2C). Con-
sistently, immunoblotting revealed that these three peptides inhibit �1 integrin acti-
vation induced by fibronectin in a dose-dependent manner (Fig. 2D). To define the
critical sequences required, we shortened the length of the peptide to a 4-mer or 3-mer
on the basis of highly conserved sequences and carried out in situ proximity ligation
assay (PLA) analysis to assess �1 integrin activation by measuring the physical inter-
action between �1 integrin and talin. All of the peptides inhibited the fibronectin-
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FIG 1 CD99 decreases �1 integrin activity through homotypic interactions mediated by three conserved motifs. (A) A series of chimeric proteins
(CD99-Fc I, II, III, and IV) composed of the extracellular (EXT) and transmembrane (TM) domains of CD99 and human IgG-Fc fragments. S, signal
sequence; CYT, cytoplasmic domain. (B) The expression levels and sizes of each purified fusion protein were determined by Western blotting
with a mouse anti-human CD99 MAb (C) Flow cytometry analysis was performed to assess the ability of CD99-Fc fusion proteins to bind to CD99
expressed on the surface of MCF-7 cells. (D) In vitro cell-matrix adhesion assay performed to assess cell attachment to the ECM. PLL was used
as a control substrate. Attached cells were counted with a hemocytometer. Lines indicate additional statistical comparisons, and significant
differences from the control are shown by asterisks as follows: *, P � 0.05; **, P � 0.01. (E, F) MCF-7 cells were seeded into fibronectin-coated
35-mm dishes. After overnight serum starvation, cells were treated with either increasing concentrations of CD99-Fc I fusion protein or each of
the purified proteins at 3 �g/ml for 1 h. Immunoblotting was performed to detect active or total �1 integrin. The graphs show the active �1
integrin intensities of bands normalized against that of the total form. �-Actin was used as a quantitative control.
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FIG 2 The ability of CD99 agonistic peptides to suppress �1 integrin activity is comparable to that of CD99-Fc proteins. (A) The sequences of 7-mer
synthetic peptides are shown at the top. To assess the binding of CD99-derived peptides CD99CRI7, -II7, and -III7 to CD99 expressed on MCF-7 cells,
a competition assay with a purified recombinant CD99-Fc I fusion protein was performed. The ability of CD99-Fc fusion proteins to bind to cell
surface CD99 was measured by flow cytometry to evaluate the occupation of CD99 by CD99-derived peptides. Light solid line, negative control;
heavy solid line, control peptide; dotted line, competition with peptide. (B, C) Cell attachment to the ECM was analyzed by adhesion assay on
fibronectin as described above. Results were replicated in three independent experiments. Asterisks represent statistically significant differences
from untreated cells as follows: *, P � 0.05; **, P � 0.01; ***, P � 0.001. (D) MCF-7 cells were treated with increasing concentrations of peptides
(0 to 30 �M) for 1 h. Cell lysates were subjected to SDS-PAGE and analyzed by Western blotting with the antibodies indicated. The graphs show
the active �1 integrin intensities of bands normalized against that of the total form. �-Actin was used as a loading control.
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induced interaction of talin or kindlin with �1 integrin by more than 50% at a
concentration of 10 �M (Fig. 3A and B), and the inhibitory effect was maximized at a
concentration of 20 �M. Moreover, the shortest 3-mer peptide, CD99CRIII3, exerted
a stronger inhibitory effect on the interaction between talin and �1 integrin than the
7-mer and 4-mer peptides. Consistently, CD99CRI3 and CD99CRII3, two other 3-mer
peptides derived from the first and second conserved regions, exerted similar inhibitory
effects (Fig. 3C). To further investigate the functional significance of each amino acid
sequence of 3-mer peptide, we carried out in situ PLA with CD99 mutant peptides
obtained by sequential amino acid substitution. Surprisingly, CD99CRIII3mut2(A96N)
still maintained the ability to inhibit the interaction between �1 integrin and talin, while
two other mutant peptides, CD99CRIII3mut1(L95N) and CD99CRIII3mut3(D97N), failed
to inhibit this interaction (Fig. 3C).

To verify the target specificity of 3-mer peptide CD99CRIII3, we carried out an
immunofluorescence assay with fluorescein isothiocyanate (FITC)-conjugated CD99CRIII3.
MCF-7 cells were infected with the lentivirus enabling delivery of CD99 short hairpin
RNA (shRNA) or transiently transfected with a �1 integrin CRISPR/Cas9 knockout
plasmid in vitro (Fig. 3D). CD99CRIII3-FITC bound to the surface of MCF-7 cells, but CD99
knockdown abolished the binding of the cells with CD99CRIII3-FITC. �1 integrin knock-
out did not affect the binding of CD99CRIII3-FITC to the MCF-7 cell surface, suggesting
that a specific interaction occurs between CD99 and CD99CRIII3-FITC. To further
confirm the specificity of the CD99-CD99CRIII3 interaction, we performed a peptide
competition assay with control, CD99CRIII3, and CD99 mutant peptides as competing
peptides. CD99CRIII3 abrogated the binding of CD99CRIII3-FITC to the cell surface,
whereas the other competitors did not. These results show that CD99 is a specific
receptor for 3-mer peptide CD99CRIII3. To determine the functional outcomes of
target-specific binding of CD99CRIII3, we investigated the effect of CD99CRIII3 on �1
integrin activity in CD99 knockdown MCF-7 cells. As shown in Fig. 3E, the knockdown
of CD99 prevented CD99CRIII3 from inactivating �1 integrin. Likewise, CD99CRIII3
suppressed fibronectin-mediated activation of �1 integrin in HaCaT cells expressing
wild-type CD99 but not in wild-type HaCaT cells that rarely express endogenous CD99
(Fig. 3F). These results show that the minimal length of peptide required to maintain
full activity is 3-mer. Next, to analyze the roles of the three conserved motifs of CD99
in the regulation of �1 integrin, we constructed wild-type CD99 and a series of mutant
forms of CD99 carrying sequential substitutions of amino acids in each of the three
conserved regions (Fig. 3G) and generated stable HaCaT cell lines expressing the empty
vector, exogenous wild-type CD99, or seven different mutant forms of CD99 each
displaying a substitution of amino acids in at least one of their conserved regions. In situ
PLA analysis showed that CD99CRIII3 inhibited the interaction of �1 integrin with talin
by approximately 55% in wild-type CD99-expressing cells (Fig. 3H). The �1 integrin
activity inhibitory efficiency of the peptide in the cells expressing mutant CD99 carrying
an amino acid residue substitution in one of the three conserved regions was lower
than that observed in wild-type CD99-expressing cells. Consistently, the inhibitory
efficiency was much lower in cells expressing mutant CD99 containing only one intact
conserved region. Moreover, the inhibitory effect of the peptide was completely
abrogated in cells with mutations in all three conserved regions of CD99 and in
empty-vector-expressing cells. Together, these results indicate that the 3-mer peptide
CD99CRIII3 specifically interacts with all three of the conserved regions and synergis-
tically suppresses fibronectin-mediated �1 integrin activity.

The recruitment of SHP2 by CD99 activates the HRAS/ERK signaling pathway.
Previous studies showed that FAK, a cytoplasmic nonreceptor tyrosine kinase, is an
essential mediator of integrin activation and focal adhesion dynamics (36–38). It is well
known that SHP2 operates in integrin signaling and adhesion site dynamics by regu-
lating FAK phosphorylation (39, 40). In addition, we previously reported that cross-
linking of CD99 with an anti-CD99 MAb led to SHP2 recruitment, followed by FAK
dephosphorylation at tyrosine 397 and �1 integrin inactivation (33). To determine
whether SHP2 is engaged in the suppression of �1 integrin activity caused by CD99
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FIG 3 Functional analysis of highly conserved regions of CD99 in the regulation of �1 integrin activity. (A, B) A 7-mer peptide was shortened
by either 4-mer or 3-mer. Cells were seeded onto PLL- or fibronectin (FN)-coated coverslips and treated with three different sizes of peptides
for 1 h as indicated. In situ PLA was performed to determine the interaction of talin or kindlin with �1 integrin. (C) Cells were treated with
three different 3-mer peptides (20 �M) that originated from three different conserved regions, as well as mutated forms of CD99CRIII3. The
interaction between talin and �1 integrin was confirmed by in situ PLA. (D) To determine the receptor-specific binding of CD99CRIII3,
wild-type, CD99 knockdown, or �1 integrin knockout MCF-7 cells were stained with FITC-conjugated CD99CRIII3 and then observed under
a confocal microscope. Unconjugated peptides (control, CD99CRIII3, and CD99CRIII3mut1) were used as competitors. (E) Cells were treated
with CD99CRIII3 for 1 h, and cell lysates were subjected to SDS-PAGE to analyze �1 integrin activity. (F) CD99-deficient human keratinocytes,
HaCaT cells, were infected with a retroviral vector carrying wild-type CD99 cDNA and seeded into 35-mm dishes coated with fibronectin.

(Continued on next page)
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FIG 3 Legend (Continued)
After treatment with CD99CRIII3, �1 integrin activity was analyzed by flow cytometry with a BD Accuri C6 system. (G, H) Wild-type CD99 and a series
of variant cDNA constructs of CD99. Each of the cDNA constructs was inserted into a pMSCV retroviral vector containing a neomycin resistance
gene. The �1 integrin-talin interaction was examined by in situ PLA. (A to C, H) Nuclei were stained with 4=,6-diamidino-2-phenylindole (DAPI; blue).
Red spots indicate the physical connection of the target molecules. PLA signals in cell populations (n � 8) were quantified by NIS Elements analysis.
The average number of rolling-circle products (RCPs) per cell � the standard error is shown. Asterisks represent statistically significant differences
from untreated cells as follows: **, P � 0.01; ***, P � 0.001; ****, P � 0.0001. Magnification, �600. Scale bars � 10 �m. wt, wild type.
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peptide treatment, MCF-7 cells were transfected with a SHP2 small interfering RNA
(siRNA) (Fig. 4A). Knockdown of SHP2 abolished the inactivation of �1 integrin and
phosphorylation of SHP2 triggered by CD99CRIII3. To determine whether SHP2 and
CD99 form a regulatory complex, we performed immunoprecipitation in the presence
of either CD99-Fc I fusion protein or CD99 peptide. As expected, both CD99-Fc I fusion
protein and CD99CRIII3 induced coprecipitation of CD99 with SHP2 (Fig. 4B).

A previous study reported that SHP2 regulates the HRAS/ERK signaling pathways
through dephosphorylation of tyrosine residues on the Gab1 adapter (41). In this study,
we found that the recruitment of SHP2 by CD99CRIII3 or CD99-Fc I fusion protein led
to the specific activation of ERK1/2 (Fig. 4C and E). SHP2 can act as an upstream
regulator of HRAS by interfering with the inactivation of HRAS catalyzed by RAS
GTPase-activating protein 1 (RASGAP1) (42). To uncover the underlying mechanisms by
which SHP2 recruited by CD99CRIII3 suppresses fibronectin-mediated �1 integrin
activity, we evaluated the effects of RASGAP1 siRNA by immunoblotting. Transfection
of RASGAP1 siRNA but not RASGAP3 siRNA abrogated the effect of CD99CRIII3 on the
fibronectin-mediated activation of �1 integrin, as well as the phosphorylation of ERK1/2
(Fig. 4C). To confirm that CD99CRIII3 is involved in the regulation of �1 integrin activity
through an HRAS-dependent pathway, HRAS siRNA was transfected into MCF-7 cells.
Immunoblotting showed that transfection of HRAS siRNA disrupted the CD99CRIII3-
induced suppression of �1 integrin activity (Fig. 4D). Moreover, ERK1/2 inactivation by
PD98059 dramatically eliminated CD99CRIII3-facilitated inactivation of �1 integrin (Fig.
4E). Consistent with the activation level of �1 integrin, the rates of cell adhesion to
fibronectin, which were decreased by CD99, were dose-dependently recovered through
PD98059 treatment (Fig. 4F). To verify the target specificity of CD99-derived peptides,
we compared the efficiency of 3-mer peptide phosphorylation of ERK1/2 in wild-type
and CD99 knockdown MCF-7 cells (Fig. 4G). All three 3-mer peptides apparently
increased ERK1/2 phosphorylation in wild-type MCF-7 cells but failed to do so in CD99
knockdown cells. In addition, we performed immunoblotting with either HRAS siRNA or
dominant negative RAF1. Either knockdown of HRAS or forced expression of dominant
negative RAF1 interrupted the activation of ERK1/2 that was induced by CD99CRIII3
(Fig. 4H). Collectively, our results suggest that CD99CRIII3-induced CD99 activation
initiates the SHP2/HRAS/ERK-dependent pathway.

CD99-induced PKA activation is involved in the regulation of the SHP2/MAPK/
ERK signaling pathway. Recently, it was shown that endothelial CD99 forms a
signaling complex with ezrin and soluble adenylyl cyclase (sAC) to promote PKA
activation (27). Therefore, we determined whether CD99CRIII3 correspondingly acti-
vates the sAC/PKA signaling pathway in breast carcinoma cells and whether PKA acts
as an upstream regulator of mitogen-activated protein kinase (MAPK)/ERK signaling in
the CD99-mediated regulation of �1 integrin activity. MCF-7 cells were treated with the
specific inhibitors indicated and CD99CRIII3. The activation of CD99 with CD99CRIII3
significantly increased CD99-ezrin and CD99-PKA interactions (Fig. 5A). Surprisingly,
CD99CRIII3 treatment induced a strong interaction between PKA and SHP2. The inter-
actions of ezrin and PKA with CD99 were not affected by treatment with NSC87877, a
potential inhibitor of SHP2. Targeted inhibition of MEK by PD98059 had no effect on
either the CD99-ezrin or the SHP2-PKA interaction. In contrast, treatment with the sAC
inhibitor KH7 specifically inhibited the interactions of CD99 and SHP2 with PKA.
Additionally, transfection of ezrin or PKA siRNA completely blocked the CD99CRIII3-
induced interaction between CD99 and PKA. Contrarily, CD99 knockdown resulted in
no changes in the interactions between these pairs of molecules. Consistently with the
in situ PLA results, the immunoprecipitation assay showed that inhibitors of sAC or
SHP2 strongly interrupted the binding of SHP2 to PKA that was stimulated by
CD99CRIII3 (Fig. 5B). Physical binding between those two molecules was significantly
reduced by knockdown of PKA. Furthermore, CD99CRIII3-induced phosphorylation of
SHP2 was prominently suppressed by inhibition of sAC or knockdown of PKA. These
results suggest that CD99 activated by CD99CRIII3 stimulates the formation of the
ezrin-sAC-PKA signaling complex, leading to the recruitment and activation of SHP2.
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FIG 4 CD99 peptide suppresses �1 integrin activity via the signaling pathway involving SHP2, RASGAP1, HRAS, RAF1, and ERK1/2. (A, C, D, H)
MCF-7 cells were treated with 20 �M CD99CRIII3 for 1 h. Western blot analysis was carried out with the antibodies indicated. �-Actin was used

(Continued on next page)
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Next, we found that CD99CRIII3-induced ERK1/2 phosphorylation was significantly
suppressed not only by inhibition of MEK or SHP2 but also by knockdown of PKA (Fig.
5C and D). In addition, the sAC inhibitor or PKA siRNA restored the level of FAK Y397
phosphorylation, which had been suppressed by CD99CRIII3 (Fig. 5E). Correspondingly,
in situ PLA showed that the CD99CRIII3-induced interruption of the �1 integrin-talin
interaction was abrogated by sAC, MEK inhibitors, or PKA siRNA (Fig. 5F). Taken
together, these results demonstrate that CD99-derived agonistic ligand activates the
sAC/PKA signaling complex, leading to activation of the SHP2/MAPK/ERK signaling
pathway.

CD99-induced ERK activation regulates the phosphorylation of FAK. Next, we
investigated how CD99 activation controls FAK phosphorylation. A previous study
showed that activated HRAS induces FAK dephosphorylation at Y397 and FAK phos-
phorylation at S910 (43). MCF-7 cells were treated with CD99CRIII3 in a dose-dependent
manner (Fig. 6A). Consistent with previous results, CD99CRIII3 inversely regulated FAK
phosphorylation at Y397 and S910, suggesting that the CD99 peptide modulates FAK
phosphorylation at Y397 and S910 in opposite manners. In addition, either phosphor-
ylation of S910 or dephosphorylation of Y397 on FAK caused by treatment with
CD99CRIII3 completely disappeared in HRAS siRNA transfectants (Fig. 6B). Similarly to
the effect of HRAS siRNA, the forced expression of dominant negative RAF1 interrupted
ERK1/2 activation, as well as the regulation of FAK phosphorylation at Y397 and S910.
Finally, the results showed exactly the same pattern as those obtained with PD98059-
treated cells regarding the regulation of FAK phosphorylation (Fig. 6C). These results
demonstrate that CD99CRIII3 controls FAK phosphorylation via the HRAS/ERK1/2-
dependent signaling pathway.

PTPN12 acts as a critical mediator in CD99-induced inactivation of �1 integrin.
On the basis of a previous report showing that activated HRAS induces ERK1- and
ERK2-dependent phosphorylation of PTPN12, which subsequently induces FAK dephos-
phorylation at Y397 (43), we hypothesized that the CD99CRIII3-induced ERK1/2 signal-
ing pathway could regulate the interaction between FAK and PTPN12. Treatment
with CD99CRIII3 induced the interaction of ERK1/2 with FAK or PTPN12 (Fig. 7A). In
addition, CD99CRIII3 stimulated FAK-PTPN12, FAK-PIN1, and PTPN12-PIN1 interactions.
These CD99CRIII3-induced interactions between the signaling molecules were sup-
pressed by treatment with the MEK inhibitor PD98059. To confirm these results, MCF-7
cell extracts were subjected to immunoprecipitation with an anti-PTPN12 MAb (Fig. 7B).
Immunoblotting revealed that CD99CRIII3 increased the expression of PTPN12 and its
interaction with FAK or �1 integrin but not SHP2 in a dose-dependent manner. Next,
we investigated whether PKA regulates the interaction between PTPN12 and FAK.
CD99CRIII3 treatment increased the interaction between PTPN12 and FAK, which was
dose-dependently reduced by treatment with the sAC inhibitor or PKA siRNA (Fig. 7C).
In contrast, the CD99CRIII3-induced interaction between those two molecules disap-
peared in CD99 knockdown cells. To determine the role of PTPN12 in the regulation of
FAK activity, MCF-7 cells were transfected with a control or PTPN12 siRNA (Fig. 7D). FAK
phosphorylation at Y397, which was suppressed by treatment with CD99CRIII3, was
dose-dependently restored in the PTPN12 siRNA transfectants. Conversely, CD99CRIII3-
induced phosphorylation of FAK at S910 was inhibited in the same cells. In contrast, no
notable effects were observed in the control siRNA transfectants. Additionally, we
found that CD99CRIII3 increased not only the phosphorylation of ERK1/2 but also the
expression of PTPN12 in a dose-dependent manner (Fig. 7E). To further confirm the role

FIG 4 Legend (Continued)
as a loading control. (B) Cells were treated with CD99-Fc I fusion protein or CD99CRIII3 for 1 h, and coimmunoprecipitation of SHP2 was performed
with an anti-human CD99 MAb. Immunoprecipitates (IP) and whole-cell lysates (input) were separated by SDS-PAGE and analyzed by Western
blotting. (E, F) Cells were dose-dependently treated with the MEK inhibitor PD98059 and incubated with CD99CRIII3 for 1 h. Western blotting was
performed with the antibodies indicated. An in vitro cell-matrix adhesion assay was performed to determine the changes in cell adhesion to
fibronectin. Statistically significant differences are indicated by asterisks as follows: *, P � 0.05; **, P � 0.01. (G) MCF-7 cells were treated with
3-mer CD99 peptides for 1 h. ERK1/2 phosphorylation was examined by Western blotting.
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of PIN1, as well as PTPN12, we performed immunoblotting with siRNAs targeting
PTPN12 and PIN1 (Fig. 7F). Transfection with either PTPN12 or PIN1 siRNA disrupted
CD99CRIII3-induced FAK dephosphorylation at Y397, while it suppressed the FAK
phosphorylation at S910, which had been upregulated by CD99CRIII3. Double trans-
fection with both PTPN12 and PIN1 siRNAs led to greater effects on FAK phosphory-

-

FIG 5 CD99-induced PKA activation results in �1 integrin inactivation via regulation of the SHP2/MAPK/ERK signaling pathway. (A, F)
In situ PLAs performed to assess the interactions between the pairs of molecules indicated in MCF-7 cells. Numerical values are the
average intensities (�SD) of red spots in eight randomly selected fields. (B) Coimmunoprecipitation (Co-IP) assay performed to assess
the physical interaction of PKA with SHP2. Immunoprecipitates (IP) and whole-cell lysates (input) were separated by SDS-PAGE and
analyzed by Western blotting with the antibodies indicated. (C to E) Western blot analysis was carried out to assess the phosphor-
ylation of ERK1/2 and FAK Y397 and the knockdown efficiency of PKA siRNA. �-Actin was used as a loading control. FN, fibronectin;
RCPs, rolling-circle products.
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lation and dephosphorylation at Y397 and S910. No significant effects induced by either
PTPN12 or PIN1 siRNA were detected in phosphate-buffered saline (PBS)-treated cells.
To further investigate the role of PIN1 in the mediation of the interaction between
PTPN12 and FAK, we transfected cells with siRNA to knock down PIN1 gene expression.
As shown in Fig. 7G, knockdown of PIN1 abrogated the CD99CRIII3-induced interaction
of PIN1 with FAK or PTPN12, showing that PIN1 expression was well downregulated by
siRNA. PIN1 knockdown completely disrupted the interaction between FAK and PTPN12
that was induced by CD99CRIII3. In contrast, no effects on the interaction of FAK or
PTPN12 with ERK1/2 were observed. These results suggest that PIN1 plays a critical role
in the FAK dephosphorylation mediated by PTPN12 through its action downstream of
ERK1/2.

Finally, the participation of PTPN12 in the regulation of FAK phosphorylation
prompted us to assess its effects on focal adhesion assembly. Mitra et al. suggested that
phosphorylation of Y397 in FAK leads to the recruitment of adapter molecules such as
paxillin, vinculin, and kindlin, resulting in the phosphorylation of other tyrosine residues

FIG 5 (Continued)
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on FAK and the formation of focal adhesion (44). As expected, fibronectin facilitated
molecular interactions of FAK or �1 integrin with adapter proteins either individually or
with each other. The inhibitory effect of CD99CRIII3 on the formation of focal adhesion
was disrupted in the presence of PTPN12 siRNA or PD98059 (Fig. 8A and B). Treatment
of MCF-7 cells with CD99CRIII3 decreased the clustering of �1 integrin and the
recruitment of paxillin induced by fibronectin, whereas treatment with PD98059 or
transfection with PTPN12 siRNA, done either individually or in combination with each
other, restored them, which had been suppressed by CD99 peptide (Fig. 8C). These
results are consistent with immunoblotting data showing that treatment with PD98059
or transfection with PTPN12 siRNA abrogated the inhibitory effects of CD99CRIII3 on
the activation of �1 integrin and FAK (Fig. 8D). Quantitative flow cytometry showed
consistent results by measuring the active conformation of �1 integrin (Fig. 8E). Taken
together, our data indicate that PTPN12 plays a key role in the regulation of �1 integrin
activation by disrupting the assembly of a focal adhesion complex via the ERK1/2
signaling pathway.

DISCUSSION

The signaling mechanism of human CD99 is still unknown, despite the numerous
studies describing its roles in various cellular responses, such as transmigration of
leukocytes and activation, proliferation, and apoptosis of lymphocytes (22, 45–48). In
this study, we showed that CD99-derived agonistic ligands function as novel suppres-

FIG 6 CD99 peptide inversely regulates FAK phosphorylation at Y397 and S910 via a MAPK signaling cascade. (A) Cells were
treated with CD99CRIII3 peptide in a dose-dependent manner. Levels of FAK phosphorylation at Y397 and S910 were assessed
by Western blotting. (B) MCF-7 cells were transiently transfected with HRAS siRNA or dominant negative RAF1 and incubated
with CD99CRIII3 for 1 h. Cell lysates were separated by SDS-PAGE and analyzed by Western blotting with the antibodies
indicated. (C) Cells were dose-dependently treated with the MEK inhibitor PD98059 and incubated with CD99CRIII3 for 1 h.
Western blotting was performed with the antibodies indicated. The graphs show the phosphorylated FAK intensities of bands
normalized against the total FAK level. �-Actin was used as a loading control.
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FIG 7 PTPN12 and PIN1 act as key mediators in the ERK1/2-mediated regulation of FAK phosphorylation. (A) MCF-7 cells were
treated with CD99CRIII3 in the presence or absence of PD98059 for 1 h. In situ PLA was performed to determine the interactions
between the protein pairs indicated. Magnification, �600; scale bars � 10 �m. (B, E) PTPN12 is physically associated with the �1
integrin/FAK complex (B). Endogenous PTPN12 was coimmunoprecipitated (IP) with �1 integrin and FAK but not with SHP2. Lane
C, control. Changes in PTPN12 expression and ERK1/2 phosphorylation were confirmed by Western blotting (E). (C) MCF-7 cells
were transiently transfected with different amounts of PKA siRNA. Cells were treated with CD99CRIII3 in the presence or absence
of KH7 for 1 h. The interaction between PTPN12 and FAK was analyzed by in situ PLA. RCPs, rolling-circle products. (D) Scrambled
or PTPN12 siRNA was transiently transfected into MCF-7 cells in a dose-dependent manner. CD99CRIII3-induced modulation of FAK
phosphorylation is restored in MCF-7 cells with transient siRNA knockdown of PTPN12. Phosphorylation of FAK at Y397 and S910
was detected with the antibodies indicated, and �-actin was used as a loading control. (F) Cells were transiently transfected with
siRNA specifically targeting PTPN12 or PIN1 either alone or combined. Knockdown of endogenous PTPN12 and PIN1 and changes in FAK
and ERK1/2 phosphorylation were detected by Western blotting. (G) The interactions between pairs of proteins were analyzed by in situ
PLA as indicated. (C, G) Numerical values are the average intensity � SD of red spots in eight randomly selected fields.

CD99 Agonist Ligands Suppress �1 Integrin Activity Molecular and Cellular Biology

July 2017 Volume 37 Issue 14 e00675-16 mcb.asm.org 15

http://mcb.asm.org


sors of fibronectin-mediated �1 integrin activation in human breast carcinoma cells and
uncovered for the first time the underlying mechanism by which CD99 regulates �1
integrin activity. This study is consistent with our previous study showing that
antibody-mediated cross-linking of CD99 suppresses the mechanisms of �1 integrin
activation by CD98 or ECMs such as collagen, fibronectin, and laminin (33). In addition,
the activation of CD99 itself led to the activation of PKA and the subsequent recruit-
ment of SHP2, resulting in the activation of the HRAS/MAPK signaling pathway. The
activated HRAS/MAPK cascade enabled PIN1 to promote the binding of PTPN12 to FAK,

FIG 7 (Continued)
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FIG 8 PTPN12 functions as a key mediator in the disassembly of the focal adhesion complex and subsequent
inactivation of �1 integrin. (A, B) In situ PLAs performed to examine paxillin-FAK, vinculin-FAK, FAK-�1 integrin,
kindlin-�1 integrin, and talin-�1 integrin interactions. (C) To determine the clustering of �1 integrin/paxillin,
cells were sequentially stained with a mouse antipaxillin MAb, rhodamine-conjugated goat anti-mouse IgG,
and a mouse anti-human CD29–FITC MAb before analysis by confocal microscopy. (D) Western blotting was
performed with the antibodies indicated to investigate either the effect of CD99CRIII3 or the role of PTPN12.
�-Actin was used as a loading control. (E) FACS analysis was performed to detect the active form of �1 integrin
with an anti-human �1 integrin active-conformation MAb (HUTS-4). Quantitative values represent the
average � SD from three independent experiments. *, P � 0.05; **, P � 0.01; ***, P � 0.001 (Student’s t test).
(A to C) Nuclei were stained with DAPI (blue). Magnification, �600; scale bars � 10 �m.
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which led to the suppression of fibronectin-induced �1 integrin activation through FAK
dephosphorylation at Y397. Taken together, these results suggest that CD99 agonists
suppress �1 integrin activity through the PKA/SHP2/ERK1/2/PTPN12/FAK signaling
pathway.

Although a number of studies have shown that CD99 interacts homophilically via its
extracellular domain, the mechanisms involved are not clearly understood (25, 49, 50).
CD99 includes three highly conserved regions in its extracellular domain across mul-
tiple species (51). We hypothesized that the conserved regions CD99CRI, -II, and -III are
critical for the homophilic interaction of CD99. Consistently with our expectation,
purified CD99-human Fc fusion proteins with only one conserved region could bind
effectively to CD99 expressed on the cell surface and suppress �1 integrin activation.
Particularly, three amino sequences present within the conserved regions—Leu-Ser-
Asp, Leu-Gly-Asp, and Leu-Ala-Asp—are critical for the homophilic interaction of CD99
and initiation of the intracellular signaling pathway regulating �1 integrin activity by
targeting CD99 on the cell surface. In the peptide competition assay, the CD99 mutant

FIG 8 (Continued)
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peptides displaying leucine or aspartic acid replaced with arginine completely lost their
inhibitory effects on the specific interaction between CD99CRIII3 and CD99. Further-
more, they lost their inhibitory effects on �1 integrin activity. Functionally, the inhib-
itory efficiency of CD99CRIII3 in HaCaT cells expressing mutant CD99 was inversely
reduced with an increasing number of abnormal conserved regions. Taken together,
these results indicate that leucine and aspartic acid, two highly conserved amino acids
in the extracellular domain of CD99, provide a structural and functional basis for
specific interactions for CD99 activation.

Our data showed that a CD99 agonist induces ERK1/2 phosphorylation through
SHP2 and subsequent FAK dephosphorylation at Y397. Our results are consistent with
a previous report showing that forced expression of CD99 induces ERK activation in
osteosarcoma (20). SHP2 has been shown to activate the HRAS/RAF1/ERK signaling
pathway through suppression of RASGAP1 (41). A previous study showed that activated
HRAS regulates PTPN12 activity by ERK1/2-mediated phosphorylation and PIN1-
dependent isomerization, resulting in increased PTPN12 binding to FAK (43, 52). The
increased interaction of PTPN12 with FAK facilitated FAK dephosphorylation at Y397.
Correspondingly, we found that CD99 stimulated the activation of HRAS and the
phosphorylation of ERK1/2 and thereby induced the interaction between ERK1/2 and
PTPN12, as well as ERK1/2 and FAK, leading to the phosphorylation of FAK S910 and
subsequent binding of PTPN12 to FAK. PTPN12 is a cytosolic protein tyrosine phos-
phatase bearing a proline-glutamine-serine-threonine-rich motif (53, 54). It has been
implicated in the regulation of focal adhesion disassembly and cell motility by regu-
lating the dephosphorylation of several protein kinases and signaling molecules.
Previously, we demonstrated the role of another cytosolic phosphatase, SHP2, in FAK
dephosphorylation, but whether SHP2 dephosphorylates FAK directly or indirectly
remains unknown (33). Our results showed that PTPN12 physically interacts with FAK,
unlike SHP2, suggesting that PTPN12 directly contacts FAK and facilitates its dephos-
phorylation at Y397, whereas SHP2 is indirectly involved in the dephosphorylation of
FAK by triggering the HRAS/MAPK signaling pathway. Notably, PIN1 knockdown in-
duced by the transfection of exogenous siRNA completely disrupted the interaction
between PTPN12 and FAK, but no inhibitory effects on the interaction of ERK1/2 with
FAK or PTPN12 were observed. This result demonstrates that ERK1/2 independently
interacts with FAK or PTPN12 upstream of the signaling cascade and that PIN1 then
modulates the association of PTPN12 with FAK. Therefore, these results suggest that
the interaction between PTPN12 and FAK is regulated by PIN1, resulting in the
suppression of �1 integrin activation through the dephosphorylation of FAK at Y397.

A study recently reported on how CD99 acts as a signaling molecule during the TEM
of leukocytes in the endothelium (27). Watson et al. suggested that endothelial CD99
interacts with leukocyte CD99 and activates PKA through a signaling mechanism
involving a CD99-ezrin-sAC complex. That study prompted us to determine the rela-
tionship between the HRAS/MAPK and sAC/PKA signaling pathways triggered by CD99.
The role of cyclic AMP (cAMP)/PKA in the ERK signaling pathway remains unresolved.
Our study showed that CD99CRIII3 treatment induces a strong interaction between PKA
and SHP2, leading to activation of the ERK signaling pathway and subsequent sup-
pression of FAK Y397 phosphorylation via PTPN12 and �1 integrin-talin interaction. This
is supported by several reports showing that cAMP/PKA plays an important role in the
activation of ERK signaling (55, 56). On the contrary, it has been shown that PKA directly
inhibits RAF1 through either phosphorylation of S43, 233, and 259 or dephosphoryla-
tion of S338 distributed throughout RAF1, which leads to inactivation of the HRAS/
RAF1/MEK/ERK pathway (57–60). Recently, PKA has been shown to inhibit SHP2, which
contradicts our data (61, 62). Although our results show that PKA positively acts
upstream of SHP2 in the CD99CRIII3-mediated activation of the SHP2/HRAS/RAF1/ERK
signaling pathway, how PKA activates SHP2 and whether PKA inhibits the function of
RAF1 within this pathway remain unclear.

CD99 is known to function as a tumor suppressor in osteosarcoma (30–32). Trans-
fection of CD99 inhibits tumor metastasis through the suppression of C-SRC and ROCK2
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activities. These results are consistent with our data showing that CD99 agonists inhibit
�1 integrin activity through the suppression of a focal complex, including FAK and
C-SRC, which could downregulate cell migration through the integrin-FAK-RHOA-ROCK
axis. As described above, our study proposes that SHP2 plays an important role in
CD99-mediated suppression of �1 integrin activity, which may lead to the suppression
of tumorigenic and metastatic ability. On the contrary, many previous studies have
shown that SHP2 acts as an oncogene because it facilitates cell proliferation in various
human cancers through HRAS/ERK signaling (63, 64). However, SHP2 suppresses the
development of hepatocellular carcinoma by suppressing inflammatory signaling
through the STAT3 pathway (65). Likewise, our results show that SHP2 activates the
tumor suppressor PTPN12 through ERK signaling, suggesting a tumor-suppressive role
for SHP2 through the CD99 signaling axis (66–68). The influence of the cellular context
and tumor microenvironment on the regulation of SHP2’s role in tumor progression
remains unclear.

In conclusion, we propose a schematic model to illustrate the CD99 signaling
pathway and its role in the regulation of �1 integrin activity (Fig. 9). CD99-derived
agonist ligands inhibit fibronectin-induced activation of �1 integrin through the PKA/
SHP2/ERK1/2/PTPN12/FAK signaling pathway by specifically interacting with the three
conserved motifs in the CD99 extracellular domain. They facilitate SHP2 recruitment to
the plasma membrane via cAMP-dependent PKA activation and sequentially activate
HRAS by inhibiting GTPase activation by RASGAP1. Activated HRAS induces ERK1/2-
dependent phosphorylation of FAK at S910 and PTPN12 at S571, facilitating the
recruitment of PIN1 to both FAK and PTPN12. cis-trans isomerization of PTPN12 and
FAK, mediated by PIN1, leads to an increased interaction of PTPN12 with FAK, dephos-
phorylation of FAK at Y397, and subsequent inhibition of focal adhesion assembly.
Dissociation of the FAK-talin-�1 integrin complex results in reduced �1 integrin activity.
In this study, we propose that PTPN12 plays a key role in CD99-mediated negative
regulation of �1 integrin activity and tumor progression. This assumption is consistent
with recent reports showing that PTPN12 functions as a tumor suppressor (67–69).
Taken together, our results suggest that CD99-derived agonist ligands have potential as
novel therapeutic reagents to suppress tumor progression via negative regulation of �1
integrin activity.

MATERIALS AND METHODS
Reagents and antibodies. Fibronectin, PLL, and all culture wares and reagents were purchased from

Invitrogen (Carlsbad, CA). Immun-Blot polyvinylidene difluoride membranes for protein blotting were

FIG 9 Schematic model describing the CD99 peptide-induced signal transduction pathway. CD99
engagement by agonistic ligands elicits the recruitment of SHP2 through the sAC/PKA signaling
pathway, resulting in activation of the HRAS/MAPK signaling pathway. MAPK activation leads to the
isomerization of FAK and PTPN12 mediated by PIN1, followed by PTPN12 binding to FAK and subsequent
dephosphorylation of FAK at Y397, resulting in the inactivation of �1 integrin.
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purchased from Bio-Rad Laboratories (Hercules, CA). An antibody detection kit (West-Zol plus) was
obtained from iNtRON Biotechnology, Inc. (Seongnam, South Korea). Cell Counting Kit-8 (CCK-8) was
purchased from Dojindo Laboratories (Kumamoto, Japan). PD98059 and Lipofectamine LTX with Plus
Reagent were from Invitrogen (Life Technologies, Grand Island, NY). Protein A/G-agarose was purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The SHP1 and SHP2 inhibitor NSC87877 was
obtained from Tocris Bioscience (Bristol, United Kingdom). The sAC inhibitor KH7 was purchased from
Cayman Chemical (Ann Arbor, MI). An anti-human CD99 MAb (YG32), mouse IgG, a rhodamine-
conjugated anti-mouse IgG antibody, an FITC-conjugated anti-mouse IgG antibody, and a horseradish
peroxidase (HRP)-conjugated anti-mouse IgG antibody were purchased from DiNonA (Seoul, South
Korea). A mouse anti-human �1 integrin MAb (JB1A), a mouse anti-�1 integrin preservative-free MAb
(B44), a rabbit anti-ERK1/2 (MAPK) polyclonal antibody, a mouse anti-PECAM-1 MAb, and an HRP-
conjugated goat anti-rabbit IgG antibody were purchased from Chemicon (Temecula, CA). Antibodies
against HRAS, RAF1, phospho-FAK (Ser910), GFP, phospho-SHP2 (Tyr542), paxillin, SHP2, PTPN12, PIN1,
�1 integrin, RASGAP3, phospho-PKA (Thr 198), PKA, and ezrin and an HRP-conjugated donkey anti-goat
IgG antibody were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Antibodies against
kindlin, phospho-Akt1 (Ser473), Akt1, phospho-FAK (Tyr397), FAK, and phospho-p44/42 MAPK (Thr202/
Tyr204) (E10) were purchased from Cell Signaling (Danvers, MA). An anti-human p120 GTPase-activating
protein MAb was obtained from Upstate Biotechnology (Lake Placid, NY). An anti-human �-actin MAb
and mouse IgG purified immunoglobulin and anti-human IgG (Fc specific) antibodies were from
Sigma-Aldrich Co. (St. Louis, MO). An R-phycoerythrin-conjugated anti-human CD29 antibody was
obtained from Cymbus Biotechnology Ltd. (Southampton, United Kingdom). An anti-ERK1/2 (3A1) MAb
was obtained from Abfrontier (Seoul, South Korea). An FITC-conjugated mouse anti-human CD29 MAb
was purchased from SouthernBiotech (Birmingham, AL). A mouse anti-human vinculin MAb and a mouse
anti-human talin1 MAb were purchased from Millipore (Temecula, CA).

Cell culture. Human breast carcinoma cells (MCF-7 and MDA-MB-231) and HEK293T cells were
obtained from the American Type Culture Collection (ATCC). Human epidermal keratinocytes (HaCaT)
were from Invitrogen (Life Technologies, Grand Island, NY). C57BL mouse Lewis lung carcinoma (LLc1)
cells were purchased from Sigma-Aldrich Co. (St. Louis, MO). Human umbilical vein endothelial cells were
isolated from a human umbilical cord vein by collagenase treatment. Cells were cultured as described
previously (70, 71).

Preparation of CD99-Fc fusion proteins. Full-length human CD99 cDNA was purchased from ATCC.
To prepare CD99 variants that partially lack the extracellular domain, PCR was carried out with several
pairs of primers. Sense primer I (5=-GATGGTGGTTTCGATTTATCTGATG-3=) was for the cDNA of a CD99 I
fragment variant with the signal peptide sequence deleted, sense primer II (5=-GGAGAAAATGACGACC
CACGACC-3=) was for the cDNA of a CD99 II fragment lacking the first conserved region, sense primer III
(5=-AGCTTTTCAGATGCTGACCTTGCG-3=) was for the cDNA of a CD99 III fragment lacking two conserved
regions, sense primer IV (5=-GGCAGTGATGGTGGAGGCAGC-3=) was for the cDNA of a CD99 IV fragment
lacking every conserved region, and primer V (5=-GCCATCTCTAGCTTCATTGCT-3=) was commonly used as
an antisense primer. To obtain mutant CD99-Fc fusion constructs, each CD99 variant cDNA was
subcloned into the EcoRI site of vector pET28a(�) carrying cDNA coding for the Fc domain of the human
IgG1 antibody. All mutant CD99-Fc constructs were confirmed by DNA sequencing. Each plasmid DNA
was transformed into BL21(DE3). Isopropyl-�-D-thiogalactopyranoside (IPTG) at 1.4 mM was added to
induce protein expression. To purify recombinant proteins, 8 M urea buffer (0.01 M Tris-Cl, 0.1 M
NaH2PO4) was prepared at various pH values (8.0, 6.3, and 4.5). The cells were lysed with 8 M urea buffer
(pH 8.0) containing protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 10 �g/ml leupeptin, 1
�g/ml, pepstatin, and 1 �g/ml aprotinin) and centrifuged at 12,000 � g for 20 min at 4°C. The
supernatants were mixed with histidine (His)-binding resins (Ni-nitrilotriacetic acid [NTA] His Binding
Resin; Novagen) in a 1-ml Eppendorf tube, and the mixtures were incubated at 4°C for 16 h to facilitate
the binding of His-tagged proteins to the NTA resin. The protein-resin suspensions were centrifuged, and
the resulting supernatants were discarded. The pellets were washed with 8 M urea buffer (pH 6.3). The
CD99-Fc fusion proteins were then eluted with 8 M urea buffer (pH 4.5) and dialyzed in 1� ice-cold PBS.
CD99-Fc protein expression was analyzed by SDS-PAGE. The eluted protein aliquots were prepared and
stored in a cold chamber.

DNA constructs and retrovirus infection. Full-length wild-type CD99 or mutant CD99 variants with
amino acid substitutions in three conserved regions were produced by PCR. The coding sequence of
human CD99 was obtained with 10 pmol of sense primer 5=-CGGAATGCATGCATCATCATCATCATCACG
CCCGCGGGGCTGCCCTG-3= and antisense primer 5=-GCTCGAGCTATTTCTCTAAAAGAGTACGCTGAAC-3=.
Several pairs of primers were used to make mutant CD99 cDNA fragments, i.e., sense primer I (5=-GGT
GGTTTCGATAACTCCAACGCCCTTCCT-3=] and antisense primer I (5=-AGGAAGGGCGTTGGAGTTATCGAAAC
CACC-3=) for the amino acid substitutions in the first conserved region, sense primer II (5=-GATGACTTT
GACAACGGAAACGCTGTTGTTGATGG-3=) and antisense primer II (5=-CCATCAACAACAGCGTTTCCGTTGTC
AAAGTCATC-3=) for those in the second conserved region, and sense primer III (5=-GATGCTGACAACGC
GAACGGCGTTTC-3=) and antisense primer III (5=-GAAACGCCGTTCGCGTTGTCAGCATC-3=) for those in the
third conserved region. As shown in Fig. 3, an asparagine residue was substituted for the leucine or
aspartic acid residue in the conserved regions. His-tagged CD99 variant cDNAs were subcloned into
EcoRI and XhoI sites of pMSCV-neo vectors (BD Biosciences Clontech, San Jose, CA). The sequences
of the pMSCV-CD99 constructs were confirmed by DNA sequencing. Retroviral particles were
harvested from retrovirus producer GP2-293 cells. MCF-7 or HaCaT cells were transfected with the
viral supernatant and selected by treatment with 0.6 mg/ml G418 (Invitrogen Corp.) for 2 weeks.

CD99 Agonist Ligands Suppress �1 Integrin Activity Molecular and Cellular Biology

July 2017 Volume 37 Issue 14 e00675-16 mcb.asm.org 21

http://mcb.asm.org


Resistant clones were selected, and changes in CD99 expression levels were confirmed by FACS or
Western blot analysis.

Synthesis of polypeptides. All polypeptides were synthesized with an automatic peptide synthe-
sizer (PeptrEx-R48; Peptron, Daejeon, South Korea) by the 9-fluorenylmethoxy carbonyl solid-phase
method. Some of them were labeled with FITC. The polypeptides synthesized were purified and analyzed
by reverse-phase (RP) high-performance liquid chromatography (Prominence LC-20AB; Shimadzu, Japan)
with a C18 analytical RP column (Capcell Pak column; Shiseido Co., Ltd., Japan) and a mass spectrometer
(HP1100 Series LC/MSD; Hewlett-Packard, Roseville, CA).

Plasmid DNAs and RNA interference. The construction of siRNAs was carried out with the Silencer
siRNA construction kit in accordance with the manufacturer’s instruction manual (Ambion, Austin, TX).
The target sequences were human CD99 (sense primer I [5=-AAGATTGCAGTGGGTTTCTTGCCTGT
CTC-3=] and antisense primer I [5=-AACAAGAAACCCACTGCAATCCCTGTCTC-3=]), human SHP2 (sense
primer I [5=-AAATGTGGGTGACAGCTCCATCCTGTCTC-3=], antisense primer I [5=-AAATGGAGCTGTCACCCA
CATCCTGTCTC-3=], sense primer II [5=-AATCCTCCACCAACGTCGTATCCTGTCTC-3=], and antisense primer II
[5=-AAATACGACGTTGGTGGAGGACCTGTCTC-3=]), human HRAS (sense primer I [5=-AATACGACCCCACTAT
AGAGGCCTGTCTC-3=], antisense primer I [5=-AACCTCTATAGTGGGGTCGTACCTGTCTC-3=], sense primer II
[5=-AAGTGGATGTCCTCAAAAGACCCTGTCTC-3=], and antisense primer II [5=-AAGTCTTTTGAGGACATCCAC
CCTGTCTC-3=]), human RASGAP1 (sense primer I [5=-AACCACCTCTTCTACTAGGTCCCTGTCTC-3=], anti-
sense primer I [5=-AAGACCTAGTAGAAGAGGTGGCCTGTCTC-3=], sense primer II [5=-AAGTCCGGAAGTTCA
GGTACACCTGTCTC-3=], and antisense primer II [5=-AATGTACCTGAACTTCCGGACCCTGTCTC-3=]), and
human RASGAP3 (sense primer I [5=-AAGTAAAACGGGCAGAGTGACCCTGTCTC-3=], antisense primer I
[5=-AAGTCACTCTGCCCGTTTTACCCTGTCTC-3=], sense primer II [5=-AAGAGAATGTCGATCCAGTCCCCTGT
CTC-3=], and antisense primer II [5=-AAGGACTGGATCGACATTCTCCCTGTCTC-3=]). siRNAs targeting
PTPN12 and PIN1 were purchased from Genolution Pharmaceuticals Inc. (Seoul, South Korea). Control
siRNA was purchased from Bioneer Corp. (Daejeon, South Korea). Dominant negative DNA or siRNA
duplexes were transfected into cells with Lipofectamine reagent. After transfection, the medium was
changed and cells were maintained in medium with 10% fetal bovine serum for 24 h. Knockdown of each
of the target molecules or expression of dominant negative DNA was confirmed by Western blot analysis
as described above. The CD99 lentiviral shRNA was purchased from Thermo Scientific (Waltham, MA). The
CD99 knockdown transfectants were selected by treatment with 0.6 mg/ml puromycin, and knockdown
of CD99 was confirmed by FACS or Western blot analysis.

Competitive ligand binding assay. MCF-7 cells were pretreated with 30 �g/ml CD99-derived
peptides in serum-free medium (SFM) and incubated for 30 min at 4°C. Cells were resuspended in 1 ml
of SFM including 10 �g of human CD99-Fc I fusion protein with an intact extracellular domain and
then incubated for 30 min at 4°C. Unbound CD99-Fc I fusion protein was removed by washing with
SFM. The cells were resuspended in 200 �l of SFM including 1 �g of goat anti-human Fc-specific
antibody and then incubated for 30 min at 4°C. Cells were washed with SFM to remove unbound
antibodies. FITC-conjugated anti-goat IgG antibody was added to the cells, and they were incubated
for 30 min at 4°C. After being washed twice with SFM, the cells were fixed with 1% formalin in 1�
ice-cold PBS. Fluorescence intensity was measured with a FACScan flow cytometer (Becton Dickin-
son, San Jose, CA).

Flow cytometry. Flow cytometry was performed as previously described (70). MCF-7 cells were
incubated with 10 �g of CD99-Fc fusion protein or 1 �g of anti-human CD99 MAb for 30 min at 4°C. Cells
were washed with SFM and resuspended in 200 �l of SFM containing 1 �g of FITC-conjugated
anti-mouse IgG antibody. The cells were finally fixed in 400 �l of 1� ice-cold PBS containing 1% formalin.
To detect the active form of �1 integrin, cells were seeded into fibronectin-coated six-well plates and
then transfected with PTPN12 siRNA. The following day, cells were treated with CD99 peptide in the
presence or absence of the MEK inhibitor PD98059. After 1 h of incubation at 37°C, cells were
harvested and incubated in SFM with mouse anti-�1 integrin antibodies, an activated (B44) and
FITC-conjugated secondary antibody, or a Milli-Mark anti-�1 integrin–FITC (HUTS-4) antibody to
detect active �1 integrin (1 �g/100 �l) for 30 min at 4°C and then washed twice with ice-cold SFM.
Fluorescence intensity was measured with a FACScan flow cytometer or a BD Accuri C6 system
(Becton Dickinson, San Jose, CA).

Adhesion assay. Cells were treated with each reagent (CD99-Fc fusion proteins or CD99 peptides)
as described in the figure legends. After 1 h of incubation in 5% CO2 at 37°C, 1.5 � 105 cells were
transferred to 96-well plates coated with fibronectin. Cells were sent to the bottom by centrifugation
(1,200 rpm, 1 min) of the plate, allowed to attach to fibronectin, and incubated for 1 h in 5% CO2 at 37°C
under static conditions. Unbound cells were removed by being washed twice with 1� PBS. Cells bound
to the fibronectin were examined either by manual counting with a hemocytometer under a microscope
(Olympus CK 40; Olympus, Tokyo, Japan) or by measurement of the absorbance at 450 nm with CCK-8
(Dojindo Laboratories, Kumamoto, Japan).

Confocal microscopy. To determine the target specificity of a CD99-derived peptide, CD99CRIII3,
MCF-7 cells were seeded onto coverslips. The next day, cells were incubated with FITC-conjugated
CD99CRIII3 (for 1 h at room temperature [RT]) in the presence or absence of competing peptides. To
determine the changes in �1 integrin activity, MCF-7 cells were seeded onto fibronectin-coated cover-
slips. PLL was used as a control substrate. The following day, cells were transfected with either a control
or a PTPN12 siRNA and incubated for 24 h in 5% CO2 at 37°C. Cells were treated with CD99CRIII3 in the
presence or absence of 10 �M PD98059 and incubated for 1 h in 5% CO2 at 37°C. Cells were washed twice
with PBS and fixed in 4% paraformaldehyde in 1� PBS. Subsequently, cells were washed twice with PBS,
permeabilized for 5 min in 0.1% Triton X-100 in PBS, and washed with PBS. Cells were incubated with
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1 �g/ml anti-�1 integrin MAb conjugated with FITC for 30 min and washed twice with PBS for 5 min. Cells
were then stained with an antipaxillin MAb (1 �g/ml, 30 min) and a rhodamine-conjugated anti-IgG
antibody (5 �g/ml). Fluorescence images were acquired with an Olympus FluoView FV1000 confocal
microscope (Olympus, Tokyo, Japan).

Western blotting and immunoprecipitation. Western blot analysis was carried out as described
previously (70). A nonreducing condition lacking �-mercaptoethanol was used to detect the active form
of �1 integrin. For immunoprecipitation, cells were collected and lysed with lysis buffer (1% Triton X-100,
0.15 M NaCl, 0.05 M Tris [pH 8.0], 5 mM EDTA, 0.02% NaN3) containing 1 mM phenylmethylsulfonyl
fluoride, 1 �g/ml pepstatin A, 10 �g/ml leupeptin, 1 �g/ml aprotinin, and 5 mM sodium orthovanadate.
After centrifugation at 13,000 rpm and 4°C for 20 min, supernatants were collected and then incubated
overnight with the appropriate antibodies at 4°C. The immunoprecipitates were incubated with protein
A/G-agarose beads for 1 h at 4°C on a rotating instrument and washed with lysis buffer containing
proteinase inhibitors. The precipitates were eluted with 1� sample buffer (50 mM Tris-HCl [pH 6.8], 100
mM dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10% glycerol). Western blot analysis was carried out
with the antibodies indicated to detect the proper target proteins.

In situ PLA. In situ PLA studies of fixed MCF-7 cells were performed with Duolink In Situ reagents
(O-LINK Bioscience, Uppsala, Sweden) in accordance with the manufacturer’s instructions. Briefly, ap-
proximately 1 � 105 MCF-7 cells were plated on glass coverslips in 24-well cell culture plates and grown
in Dulbecco’s modified Eagle’s medium. The next day, cells were treated with fibronectin (20 �g/ml) in
the presence or absence of peptides and each reagent for 1 h in an atmosphere containing 5% CO2 at
37°C and then washed twice with 1� PBS. Cells were fixed in 2% formaldehyde in PBS for 15 min at RT.
Subsequently, cells were washed twice with 1� PBS, permeabilized for 5 min in 0.1% Triton X-100 in PBS,
and then washed twice with wash buffer A for 5 min. Cells were incubated with blocking solution at 37°C
for 30 min and then washed twice with wash buffer A for 5 min. Protein-protein interactions were
analyzed with an Olympus FluoView FV1000 confocal laser scanning microscope (Olympus, Tokyo,
Japan).

Statistical analysis. Data are expressed as the average of the mean values obtained � the standard
deviation (SD). Statistical significance was determined by the Student t test with the statistical software
Prism (version 4.0; GraphPad, San Diego, CA), and P � 0.05 was considered statistically significant. All
experiments were conducted twice or more to obtain reproducible results. Representative data are
shown in the figures.
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