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. exhibit aberrant signaling. Therefore, therapeutic targets that modulate disrupted signaling cascades
are of significant interest. In this study, we demonstrate that the tetraspanin membrane scaffold, CD82,
regulates protein kinase c alpha (PKCo)-mediated signaling critical for AML progression. Utilizing a
palmitoylation mutant form of CD82 with disrupted membrane organization, we find that the CD82
scaffold controls PKCo expression and activation. Combining single molecule and ensemble imaging
measurements, we determine that CD82 stabilizes PKCo activation at the membrane and regulates the
size of PKCa membrane clusters. Further evaluation of downstream effector signaling identified robust
and sustained activation of ERK1/2 upon CD82 overexpression that results in enhanced AML colony
formation. Together, these data propose a mechanism where CD82 membrane organization regulates
sustained PKCa signaling that results in an aggressive leukemia phenotype. These observations
suggest that the CD82 scaffold may be a potential therapeutic target for attenuating aberrant signal
transduction in AML.

Acute myeloid leukemia (AML), the most common acute leukemia affecting adults, is characterized by increased
immature myeloid blasts within the bone marrow, which interferes with normal hematopoiesis'. While an
increasing number of chemotherapy drugs are being made available, AML remains a highly fatal disease due to
its significant relapse rate following standard treatment?. Modeling studies have demonstrated that the expression
and activation of signaling molecules can be used to predict AML patient remission attainment, relapse, and
survival®. For example, increased expression of the protein kinase C (PKC) isoform PKCa correlates with poor
survival in AML patients*. Therefore, therapeutic targeting of specific aberrant signaling in AML may be used to
treat this aggressive disease.

The PKC family of enzymes are serine/threonine kinases that can be further classified into conventional,
novel, and atypical PKCs®. The conventional PKC isoforms include PKCa, 31, 32 and ~, all of which require
Ca?* and diacylglycerol (DAG) to become activated. Upon activation, PKC is initially phosphorylated within the
cytoplasm and translocates to the plasma membrane following full phosphorylation. This translocation process
is controlled by DAG production but may be bypassed with the use of the PKC activator, phorbol 12-myristate
13-acetate (PMA)®. PKC activation initiates various signaling responses such as the activation of Racl, RhoA, and
the mitogen activated protein kinases (MAPK) signaling cascades®. As such, PKC activation controls many basic
cellular processes including adhesion, migration, and proliferation, which all contribute to cancer progression.

In AML patients, PKCa gene expression is upregulated when compared to CD34" normal donors!’.
Furthermore, treating AML cell lines with the PKC inhibitor, enzastaurin, blocks the phosphorylation of PKCc
and its downstream target, ERK, and also prevents PKCa membrane recruitment!. Additional work suggests that
increased levels of phospho-PKC are correlated with increased AML cell viability'!. However, the molecules and
mechanisms that control PKC activation and downstream signaling remain poorly defined.

Tetraspanins serve as molecular scaffolds within the plasma membrane to generate highly organized mem-
brane domains, termed tetraspanin enriched microdomains (TEMs)'>!%. TEMs consist of interactions between
tetraspanins and with other membrane proteins including integrins and signaling receptors such as the epidermal
growth factor receptor (EGFR) and c-kit'*!¢. The maintenance of TEMs promote cellular functions including
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cell adhesion, migration, and proliferation'’-*°. The palmitoylation of tetraspanins regulate TEM organization
through the control of protein-protein interactions'#**!, which can in turn mediate cellular signaling. For exam-
ple, expression of the palmitoylation deficient form of CD151 weakens tetraspanin association with integrins,
resulting in diminished AKT phosphorylation in response to laminin-5 engagement!*. Moreover, inhibition of
CD81 palmitoylation reduced signaling in B cells, as assessed by PLC~2 and VAV phosphorylation®. Therefore,
tetraspanin palmitoylation can control various aspects of cellular signaling.

In addition to membrane proteins, tetraspanins interact with cytosolic proteins such as the serine/threonine
binding protein 14-3-3% and G protein subunits?*. Moreover, previous work established that CD151 assists in
the recruitment of Racl to the plasma membrane, in addition to associating with PKCa?25, Interestingly, tet-
raspanins CD9, CD81 and CD82 were shown to associate with PKCa upon PMA activation?, and coimmunopre-
cipitation studies with CD9 and CD151 detected PKCa associations. In the present study, we focus on identifying
how this tetraspanin association modulates PKC signaling, with a specific emphasis on CD82.

Although it has been demonstrated that many tetraspanins can interact with PKCa, we have chosen to focus
on CD82 due to previous work demonstrating that CD82 is upregulated in several human leukemias, includ-
ing AML?. Recently, CD82 upregulation was identified in chemotherapy-resistant CD347/CD38~ AML cells,
which are often the cells responsible for disease relapse. The objective of this study is to determine how the CD82
scaffold and its membrane organization regulate PKCa-mediated signaling and influence AML progression.
Using a combination of single molecule and ensemble imaging techniques, we find that CD82 modulates the
spatial and temporal dynamics of PKCa signaling in AML cells. Our data demonstrate that the molecular organi-
zation of CD82 regulates PKCa stabilization and clustering at the plasma membrane, which controls downstream
ERK signaling and AML colony formation. Together, our findings suggest that CD82 organization may be a suit-
able target for controlling AML progression through its regulation of PKCa signaling.

Results

The CD82 scaffold regulates PKCo expression and activation. To identify how CD82 membrane
scaffolding affects PKCa signaling, we generated KGla AML cell lines stably overexpressing wild type CD82
(CD820E) or a palmitoylation mutant form of CD82 (Palm-CD82OE) tagged to the mCherry fluorescent pro-
tein. In the palmitoylation mutant, five membrane proximal cysteine residues are mutated to serines, prevent-
ing CD82 palmitoylation (Fig. 1A)%. We also generated CD82 knockdown KGla cells (CD82KD) cells, where
stable expression of CD82-specific siRNAs reduces total CD82 expression by 50% and surface levels by 95%
(Fig. 1B,C). To quantify total and surface CD82 expression, we used flow cytometry analysis of permeabilized
(Fig. 1B) and non-permeabilized cells, respectively (Fig. 1C). We also measured the surface expression of other
tetraspanins in these cell lines, finding similar levels of CD9 in all cell lines (Suppl. Fig. 1A), and decreased levels
of CD151 (Suppl. Fig. 1B) in the CD82KD cells compared to controls. Interestingly, we find decreased levels of
surface (Suppl. Fig. 1C) and total (Suppl. Fig. 1D) CD81 in CD82KD and CD82OE cells compared to control
cells. Two additional myeloid leukemia cell lines (K562 and U937) were engineered to overexpress WT-CD82 or
Palm-CD82 (Suppl. Fig. 2A-E,I-M). In K562 cells, CD81 and CD151 expression is similar across the cell lines,
while CD9 expression is increased in the CD82OE cells (Suppl. Fig. 2F-H). U937 cells also display increased CD9
expression in the CD82OE cells and an increase in both CD9 and CD81 in the Palm-CD82OE cells, whereas
CD151 expression remains unchanged (Suppl. Fig. 2N-P). In combination, these data suggest that changes in
CD82 expression can regulate the tetraspanin profile expressed in leukemic cells.

To analyze how CD82 scaffolding regulates the expression and activation of PKCa, we first quantified the
expression levels of total and activated PKCa using Western blot analysis. (Data presented utilize KG1a cells with
additional cell line analysis quantified in supplemental data). Figures 1D-F demonstrate that the CD820E cells
have a twofold increase in total PKCo expression and a 1.3-fold increase in phosphorylated (active) PKCo expres-
sion compared to control cells. In contrast, we find that the Palm-CD82OE cells express approximately 50% less
total PKCa and 60% less phospho-PKCa when compared to control cells. Similar changes in PKCa expression
and activation were identified in the U937 cells overexpressing CD82 (Suppl. Fig. 2Q-R), whereas the K562 cells
only display an increase PKCa activation. Upon CD82KD in KG1a cells, we are unable to detect the expression of
PKCa or its active form by Western blot (Fig. 1D-F). RT-PCR analysis of the cell lines measures a transcriptional
down regulation of PKCa in CD82KD cells and no change in PKCa transcript between the control and CD820OE
cells (Fig. 1G). Together, these data suggest a critical role for CD82 expression and membrane organization in
regulating PKCo expression and activation in AML.

Upon full activation, PKCa translocates to the plasma membrane from the cytoplasm, which is essential for
PKCa signaling. Using immunofluorescence imaging, we find that under resting conditions PKCa is primarily
localized within the cytoplasm, whereas, upon PKCa activation with PMA for 1 hr, PKCa translocates to the
plasma membrane (Fig. 1H). We also observe by line scan analysis that the intensity plots for the CD82 and PKC«
channels have a similar shape under PMA stimulated conditions, suggesting that PKCa activation stimulates
PKCa to move to CD82 membrane regions. These data illustrate that despite the CD82 palmitoylation mutation,
PKCa effectively translocates to the plasma membrane upon activation.

Following activation, PKCa can be dephosphorylated and degraded in order to down-regulate
PKCa-mediated signaling®-3. Therefore, we assessed whether CD82 scaffolding preserves PKCa protein levels
upon activation, thereby providing a sustained signal. Upon PMA stimulation for 1 or 4 hrs, we find that total
and phospho-PKCa expression is maintained at a higher proportion in the CD82OE cells when compared to
Palm-CD82OE cells (Fig. 1I). Next, we investigated if the reduced PKCo expression upon activation is due to
proteasomal degradation. Combining 4 hrs of PMA with the proteasomal inhibitor, MG132, we find that PKCa
expression is rescued to basal levels in control and Palm-CD82OE cells (Fig. 1]). Collectively, these data suggest
that CD82 scaffolding can stabilize PKCao levels upon activation.
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Figure 1. The CD82 scaffold regulates PKCox expression and activation. (A) Cartoon depicting mutated
palmitoylation sites within CD82 and mCherry fusion. Flow cytometry analysis of (B) total and (C) surface
CD82 expression using CD82KD, control, CD820E, and Palm-CD820OE KG1a cells (Biolegend, ASL-24).

(n> 3 experiments; error bars indicate SD; mean fluorescence intensity normalized to control levels). (D) Western blot analysis

for total PKCax (Cell Signaling #2056, polyclonal) and phospho-PKCa (Thr638) expression. Densitometric analysis of

(E) total and (F) phosphorylated PKCo expression from Western blot analyses (n > 4 experiments; error bars
indicate SD). (G) Real-time PCR analysis of KG1a cells. (H) Immunofluorescence imaging of CD82 (Biolegend,
ASL-24) and PKC-488 (primary, abcam, Y124; secondary, Invitrogen, rabbit-488) under resting and 1 hr of
PMA treatment with corresponding line scan plots for both channels. All channels were scaled equally across
conditions. (I) Western blot analysis of total and phosphorylated PKCo expression following PMA stimulation
(n> 4 experiments; error bars indicate SD). (J) Cells were treated with DMSO, PMA or PMA +MG132

(10 uM) for 4hrs and total and phospho-PKCa were quantified using Western blot analysis and densitometry.
(n> 4 independent experiments; error bars indicate SD; post-hoc unpaired t-test).

The CD82 scaffold regulates short-term PKCo. membrane association.  One mechanism by which
the CD82 scaffold could prolong PKCa activation is by stabilizing PKCa membrane recruitment. To visualize the
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Figure 2. The CD82 scaffold regulates PKCo association with the membrane. (A-D) Flow cytometry analysis
indicates the percentage of GFP-PKCa expression in transiently transfected cells. (E-H) Epifluorescence

imaging of transfected cells showing GFP-PKCa localization 4+-/— PMA. (I-L) PKCa trajectories from 600
frames of analyses are displayed. (M) Cumulative distribution plot of PKCa track length (n > 31227 tracks

from n > 19 cells of each kind; the Kolmogorov-Smirnov test was used to compare cumulative distributions).
(N) Average GFP-PKCa track length per cell and (O) per experiment (error bars indicate SD; n > 19 cells,n=3
experiments; post-hoc unpaired t-test). (R) Average track length per cell was quantified in control and CD82KD
cells (error bars indicate SD; n =22 cells).

molecular recruitment of PKCa to the plasma membrane upon activation, we performed single particle tracking
(SPT) analysis. Using transiently transfected GFP-PKCa cells (Fig. 2A-C) stimulated with PMA (Fig. 2E-G),
we analyzed the membrane track length or “dwell time” of GFP-PKCa, which we define as the time between the
membrane appearance and disappearance of GFP-PKCo. Figure 2I-K display representative GFP-PKCa: trajecto-
ries, which were generated by filtering and connecting localizations with the parameters described in the Methods
section. A cumulative distribution plot of the GFP-PKCa track lengths indicates that the Palm-CD82OE cells
have an increased proportion of short-lived GFP-PKCa tracks compared to control or CD820E cells, suggesting a
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shortened PKCa dwell time (Fig. 2M). We also quantified PKCa dwell time based on the average track length per
cell analyzed (n> 19 cells) (Fig. 2N) or per independently performed experiment (n= 3 experiments) (Fig. 20),
finding the same trend observed in our cumulative distribution plot. Interestingly, when analyzing GFP-PKCa
dwell time in the CD82KD cells (Fig. 2D,H,L), we are unable to detect a change in track length (Fig. 2R), sug-
gesting a potential compensatory scaffold function from other tetraspanins in the CD82KD cells, which may be
inhibited by the palmitoylation mutant form of CD82. In combination, these data suggest that CD82 scaffolding
has a modest effect on the initial membrane recruitment of PKCa.

PKCa is recruited and maintained at the CD82 scaffold upon stimulation.  An extensive series of
immunoprecipitation studies demonstrated that upon PMA stimulation, PKCa interacts with CD82%, although
little is known about the dynamics of this interaction. Our SPT analyses suggest that CD82 palmitoylation may
regulate the membrane stabilization of PKCa on a short time scale. However, we are particularly interested in
whether CD82 scaffolding can stabilize long-lived PKCo membrane interactions, which could potentiate pro-
longed signal transduction. Using Forster resonance energy transfer (FRET), we measured the recruitment and
retention of PKCa relative to the CD82 scaffold over time. FRET was measured by quantifying fluorescence
intensity changes in the donor fluorophore (GFP-PKCaq) after the acceptor (mCherry-CD82) was photobleached.
CD820E and Palm-CD82OE cells transiently transfected with GFP-PKCa were imaged under resting condi-
tions and upon PMA stimulation for 5mins or 1 hr to assess both short and long-term PKCa recruitment,
respectively. Under resting conditions, we detect minimal FRET between CD82 and PKCa in both the CD820E
and Palm-CD82OE cells, although the CD82OE cells have higher basal FRET than the Palm-CD82OE cells
(Fig. 3A,B,G). Upon PMA stimulation, FRET is significantly increased in the CD82OE and Palm-CD82OE cells
compared to resting cells (Fig. 3C,D,G), indicating that PKCa interacts with both the wild type and palmitoyla-
tion mutant form of CD82 upon activation. After of 1 hr of stimulation, we find that the increased FRET efficiency
is maintained in the CD82OE cells, whereas the FRET is significantly reduced in the Palm-CD82OE cells over the
same timeframe (Fig. 3E-G). These data suggest that disruption of the CD82 scaffold, in the case of the palmi-
toylation mutant, reduces the membrane association of PKCa with CD82. Together, these findings demonstrate
that CD82 and PKCa have a prolonged membrane interaction that is hyperstabilized by overexpression of the
CD82 scaffold.

PKCa clustering at the membrane is controlled by the CD82 scaffold. Tetraspanins can regulate
the clustering of membrane proteins*-*. Interestingly, PKC has also been shown to oligomerize®” and aggregate
upon activation®. Therefore, we next wanted to determine how altered interactions between CD82 and PKC«
described in our FRET studies could modulate PKCa clustering. Using the super-resolution imaging (SRI) tech-
nique, direct stochastic optical reconstruction microscopy (dASTORM), we resolved the molecular landscape of
PKCa in control, CD820E and Palm-CD82OE cells stimulated with PMA for 5mins or 1 hr. The organization of
signaling proteins into clusters may stabilize signaling by providing steric protection from negative regulators®.
Therefore, we applied the density-based spatial clustering of applications with noise (DBSCAN) algorithm*
to our SRI data to quantify PKCa clustering (Fig. 4A). Under resting conditions, we detect a similar number
of PKCa clusters between control and CD82OE cells, whereas the Palm-CD82OE cells display a significantly
reduced number of PKCa clusters compared to control and CD82OE cells (Fig. 4B). Next, upon PMA stimulation
for 5min or 1hr, we again measure no significant change in the number of PKCa clusters in either the control or
CD82OE cells. However, in the Palm-CD82OE cells, PMA stimulation results in a significant increase in PKCo
cluster number (Fig. 4B). In fact, upon PMA stimulation for 1 hr, the control, CD82OE and Palm-CD82OE cells
all exhibit similar numbers of PKCa clusters (Fig. 4B). These data suggest that while Palm-CD82OE cells have
reduced PKCa clusters under basal conditions, PMA treatment stimulates a similar number of PKCa clusters in
all cells.

It has been previously suggested that the size of signaling molecule clusters is predicted to have a significant
impact on signal transduction®. Therefore, we next addressed how CD82 scaffolding affects PKCa cluster size.
Further analysis of the DBSCAN data indicates that under resting conditions, PKCa cluster diameter is similar
between control and CD82OE cells, but is reduced in the Palm-CD82OE cells (Fig. 4C). Upon PMA stimulation
for 5min, only the CD82OE cells exhibit an increase in PKCa cluster area. However, upon PMA stimulation for
1 hr, all the cells increase their PKCa cluster size with the CD82OE promoting even larger “superclusters™!.

Additionally, we assessed how CD82 scaffolding modulates PKCo molecular density, or the number of PKCa
localizations found per cluster area, since this is another mechanism by which PKCa may be recruited into clus-
ters upon activation. Our data demonstrate that upon PMA stimulation for 5 mins, control cells display increased
PKCa molecular density compared to resting conditions (Fig. 4D). Meanwhile, the other cell lines exhibit similar
PKCa molecular density upon resting or stimulated conditions. These data suggest that CD82 concentration
affects the means by which PKCa is initially recruited to the membrane. More specifically, in the case of the
control cells, a lower concentration of CD82 results in PKCa recruitment into densely packed clusters initially
(5m PMA) rather than larger-order superclusters as observed with CD82 overexpression. However, prolonged
activation (1 hr PMA) continues to increase the PKCo molecules recruited to the membrane, ultimately leading
to increased PKCa cluster sizes (Fig. 4B). These data demonstrate that CD82 concentration and scaffolding prop-
erties regulate unique aspects of PKCa membrane clustering.

We also assessed PKCa clustering in the CD82KD cells by transiently transfecting in GFP-PKCa and per-
forming SRI analyses (Fig. 4E). Upon PMA stimulation for 1 hr, we measure an increase in the number of PKCa
clusters, consistent with PKCo membrane translocation (Fig. 4F). However, in contrast to the other cell lines,
PKCa cluster area remains unchanged in the CD82KD cells following PMA activation (Fig. 4G), suggesting that
the CD82 scaffold is necessary to promote or stabilize the larger PKCa clusters measured following PMA stimu-
lation. Combined, these data demonstrate that CD82 scaffolding significantly impacts PKCao cluster size.
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Figure 3. PKCa: is stabilized by the CD82 scaffold. CD820E or Palm-CD820E KGla cells were transfected
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(G) Percent FRET efficiencies were calculated in a region of interest per cell. (n =4 experiments, n > 21 cells per
treatment, error bars indicate SEM, post-hoc unpaired t-test).

CD82 modulates ERK1/2 activity downstream of PKCa stimulation.  The ability of PKCa to prop-
agate a signal is dependent upon activation and sufficient membrane recruitment, which allows PKCa to phos-
phorylate a substrate and elicit a downstream response. Our findings suggest that CD82 stabilizes PKCa at the
plasma membrane and promotes larger-scale clustering. We next examined how this stabilization and cluster-
ing affects PKCa-mediated signal propagation. One pathway that has been studied extensively with respect to
PKCa is the MAPK pathway. Incidentally, it has been shown that MAPK can be constitutively active in leukemias
and targeting this activation can help to promote AML blast susceptibility to apoptosis*. To determine how
CD82 scaffolding affects PKC-mediated signaling through MAPK, we stimulated cells with PMA and mon-
itored p38 and ERK1/2 activation. Western blot analysis indicates that p38 expression and activation remain
unchanged following PMA stimulation in all cell lines (Fig. 5A). Moreover, we find no change in total ERK1/2
expression between the cells (Fig. 5B,C) and detect only minimal phospho-ERK1/2 expression in unstimulated
cells (Fig. 5D,E). However, upon PMA stimulation, phospho-ERK1/2 expression varies substantially between the
cells. We find that there is increased phospho-ERK1/2 expression in the CD82OE cells compared to control and
Palm-CD82O0E cells upon 15 mins of PMA stimulation (Fig. 5D-F). Interestingly, the CD82OE cells maintain
significantly higher phospho-ERK expression upon 1hr of PMA stimulation compared to Palm-CD82OE cells
(Fig. 5F). Together, these data demonstrate that CD82 scaffolding is critical for regulating the signaling kinetics of
ERK1/2 downstream of PKCo activation.
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Figure 4. PKCo clustering at the membrane is controlled by the CD82 scaffold. Control, CD820E and
Palm-CD820E KGla cells were treated with DMSO, or PMA for 5mins or 1 hr and imaged for PKCa (abcam,
Y124; Invitrogen, rabbit-647) using dSSTORM. (A) The DBSCAN algorithm was used to examine cluster
organization within a subregion of the cells. Clustered localizations are indicated by color, whereas gray
localizations did not meet the clustering parameters (¢ = 50 nm, n = 30 localizations). The DBSCAN algorithm
was used to determine the (B) number of PKCa clusters, (C) PKCa equivalent cluster diameter, and (D) PKCa
molecular density (n > 4 cells of each condition, error bars indicate SD, post-hoc unpaired t-test). CD82KD cells
were transfected with GFP-PKCa and imaged using dSTORM. (E) PKCa clustering was quantified using the
DBSCAN clustering algorithm in cells treated with DMSO or PMA (e =50 nm, n = 10 localizations). (F) The
number of clusters (n =7 cells, error bars indicate SD) and (G) the cluster diameters were quantified (n > 561
clusters, error bars indicate SEM, unpaired t-test).

CD82 regulates AML colony formation in a PKCoi-dependent manner.  Finally, we wanted to deter-
mine how PKCa activation and ERK signaling affect the leukemia colony forming potential of AML cells. We
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Figure 5. CD82 modulates ERK1/2 activity downstream of PKCo stimulation. (A) Control, CD820E and
Palm-CD82OE cells were treated with DMSO or PMA for 1hr and analyzed by Western blot analysis for total
(D13E1) and phospho-p38 (Thr180/Tyr182). Representative Western blot showing control and (B) CD820E
cells or (C) Palm-CD82OE cells treated with PMA for 0, 5, 15, or 60 mins and analyzed for total ERK1/2 (137F5)
expression. Representative Western blot depicting (D) control and CD82OE or (E) Palm-CD82OE cells treated
with PMA for 0, 5, 15, or 60 mins and analyzed for phospho-ERK1/2 (Thr202/Thr204) expression. (F) Graphical
depiction of phospho-ERK expression over time quantified by Western blot analysis. (n >4 experiments, error
bars depict SEM; post-hoc unpaired t-test).

treated cells with DMSO, PMA, or PMA in combination with the ERK1/2 inhibitor, FR180204. Cells were then
plated in MethoCult H4334 media for 14 days, after which, the leukemia colony-forming units (CFU-L) were
counted via microscopy. Following PMA treatment, we find that all cells increase CFU-L formation with the
CD82OE cells displaying more than four times as many colonies compared to control and Palm-CD82OE cells
(Fig. 6A,B). Interestingly, the combined treatment of PMA and ERK1/2 inhibitor significantly reduced colony
growth in all cells lines. These data indicate that the CD82- and PMA-mediated increases in CFU-L formation are
dependent upon ERK1/2 signaling. Collectively from these data, we suggest the current model (Fig. 6C) where
the CD82 scaffold recruits and stabilizes PKCo in membrane clusters, which can sustain ERK1/2 signaling for the
development of an aggressive leukemia phenotype.

Discussion

In this study, we provide new insights into how tetraspanins can serve as membrane scaffolds that control signal
transduction in AML. As PKCa is a critical signaling hub for controlling AML cell proliferation and survival®,
we focused on identifying the properties of tetraspanins that contribute to aberrant PKCa signaling. Numerous
studies defined an interaction between PKCo and tetraspanins, but the mechanisms regulating this association
and the downstream signaling consequences remain poorly understood. Our study describes a role for CD82
membrane organization in regulating PKCo expression, membrane stabilization and signaling.

Increased phospho-PKCa expression has been correlated with poor survival rates in AML patients* and
increased AML cell viability'!. Consistent with previous findings*, data from our study demonstrate that the
overexpression of CD82 increases total and phospho-PKCa expression (Fig. 1D-F). Upon mutation of the pal-
mitoylation sites within CD82, we detect decreased total and phospho-PKCa expression (Fig. ID-F) when com-
pared to control or CD82OE cells, suggesting that the scaffolding properties of CD82 modulate PKCc expression.
Previous studies* observed a similar decrease in PKCa expression upon knock down of CD82, further support-
ing the importance of the CD82 scaffold for maintaining PKCa expression. Similarly, we detect a reduction in
PKCa expression upon CD82KD in our study, which we link to reduced PKCa transcript levels. At this point,
the mechanism behind this reduction in PKCa. mRNA in the CD82KD cells remains undefined. In contrast, we
detect similar PKCa transcript levels between the control, CD82OE and Palm-CD82OE cells (Fig. 1G). As palmi-
toylation has been demonstrated to regulate TEM organization'**, we speculate that TEM disruption by CD82
mutation renders PKCa more susceptible for degradation.

Interestingly, another difference identified between the CD820OE and Palm-CD82OE cells is the expression of
CD81, which has been shown to interact with PKCa?® and is significantly reduced in the CD82OE cells (Suppl.
Fig. 1C,D). We speculate that compensatory roles of CD81 and CD82 within TEMs may result in the decreased
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Figure 6. CD82 regulates AML colony formation in a PKCa-dependent manner. (A,B) Control, CD820E
and Palm-CD82OE cells grown in clonogenic assays in the presence of PMA alone (10 ng/ml), or

PMA + FR180204 (100 M), or equal volumes of DMSO and assessed after 14 days by microscopy for the
number of leukemia colony-forming units per 96 mm? (n > 4 experiments, error bars indicate SD).

(C) Proposed model whereby the scaffolding function of CD82 regulates the membrane clustering and
stabilization of PKCa, which controls ERK1/2 signaling and AML colony forming potential.

CD81 expression in the CD82OE cells. Perhaps to maintain the appropriate tetraspanin concentration, scaffold
structure, or functional TEM signaling, CD81 is down regulated in response to the overexpression of CD82.
However, in the Palm-CD82OE cells, which have disrupted TEMs*, CD81 expression may be maintained in an
effort to conserve the functionality of these domains. Additionally, since CD81 is a PKC interacting protein, its
expression may be maintained in the Palm-CD82OE cells in an attempt to preserve PKCa membrane recruitment
and signaling under conditions where PKCa expression is diminished.

A number of previous studies have proposed that tetraspanins serve as protein recruitment platforms. For
example, the presence of CD82 was shown to enhance the PKCa phosphorylation of c-Cbl following HB-EGF
activation, which led the authors to suggest that CD82 could in fact serve to recruit PKCa*. Additionally, a
described role for CD151 was to recruit PKCa into proximity with the «6p34 integrin, which significantly
impacted tumor initiation and progression*®. Our SPT data suggest a decrease in PKCo membrane dwell time in
the Palm-CD82OE cells (Fig. 2M-0), indicating that disruption of the CD82 scaffold organization may shorten
PKCo membrane interactions. Our PKCa tracking experiments used GFP, which has a relatively short fluores-
cence lifetime. As such, we detect sub-second PKCa track lengths, which may contribute to the modest change
seen in PKCa track length in the Palm-CD82OE cells. More pronounced track length differences might be
observed with the use of a more stable tracking probe. Additionally, the differential CD81 expression observed
in the cell lines may mask a more substantial change in PKCo membrane stabilization as detected with SPT.
Despite experimental limitations, our data suggest that CD82 organization alters the interaction of PKCa at the
membrane.

Biochemical characterization of tetraspanins suggests that PKCo and PI4K may have distinct tetraspanin
recruitment sites, indicating the potential for differential recruitment of signaling enzymes to specific
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tetraspanins®. One possible explanation for how decreased PKCa dwell time could occur is through diminished
interactions with the CD82 signaling platform. Our FRET analyses (Fig. 3) indicate that PKCa interacts with both
wild type and Palm-CD82, demonstrating that CD82 palmitoylation is not essential for the interaction to occur.
However, following 1 hr of PMA stimulation, the FRET efficiency between PKCo and CD82 is sustained, while
it is significantly diminished in the Palm-CD82OE cells. These data suggest that CD82 scaffolding contributes
to the long-lived protein interactions between PKCo and CD82 at the membrane. Interestingly, PKCa can also
be palmitoylated, which was shown to facilitate its membrane recruitment*’. Therefore, future studies may be
directed at understanding how PKCa palmitoylation contributes to the robust membrane interaction between
tetraspanins and PKCo.

While tetraspanins have been described to regulate membrane protein clustering®-%, this study explores how
tetraspanins modulate cytosolic protein clustering. Previous work has demonstrated that the number and size of
Ras clusters contributes to its downstream signaling response*®*. Moreover, increased expression of galectin-1,
a Ras membrane scaffold, can enhance Ras-mediated signaling®. The current study has uncovered a role for
CD82 in regulating PKCo oligomerization, a concept that was hypothesized to have physiological signaling con-
sequences®. By taking advantage of the newly developed SRI techniques, we provide visual and quantitative
evidence at the nanometer scale for how tetraspanins regulate the spatial arrangement of cytosolic proteins. First,
our data suggest that CD82 scaffolding can modulate PKCao cluster number. In the Palm-CD82OE cells, we detect
reduced PKCa clusters until PMA stimulation for 1 hr, which results in a similar number of clusters in all cells
(Fig. 4B). These data suggest that a limited number of PKCo membrane recruitment sites exist and that PKCo
cluster number is dependent upon both the scaffolding of CD82 as well as the concentration of PKCa.

Additionally, our data implicate CD82 expression and scaffolding as regulators of PKCa cluster size. For
example, CD82OE cells support PKCa cluster diameters that are approximately 30% and 80% larger than those
in control and Palm-CD82OE cells, respectively (Fig. 4C). It is important to take into account the ratio of surface
CD82 to PKCa in our cell lines for interpretation of these data. By setting the control cells at a 1/1 ratio of CD82/
PKCa, the CD82OE cells have a ratio of 2/2, while the Palm-CD82OE cells have a ratio of 2/0.5. We suggest that
the additional CD82 expression in CD82OE cells creates a larger platform to enhance the size of PKCa clusters
formed at the membrane. Despite the fact that the Palm-CD82OE cells have the same concentration of CD82,
the scaffolding capacity is disrupted and the PKCo concentration is reduced, resulting in smaller PKCa clusters
observed. Therefore, it appears that the concentration of CD82 and its scaffold organization work in concert to
provide a membrane platform to regulate the recruitment, stability, and cluster size of PKCau.

Aberrant activation of the ERK pathway is implicated in AML progression®. Previous studies have shown that
inhibiting MAPK signaling in AML can lead to increased apoptosis and reduced proliferation®?->*. Additional
studies have shown that the treatment of lymphoid cells with CD81 and CD9 antibodies modulate proliferation
through alterations in the ERK1/2/MAPK pathway'>*%”. Our data indicate that increased expression of CD82
results in a robust and sustained activation of ERK1/2 upon PMA stimulation that is maintained out to 1 hr
(Fig. 5F). However, in the Palm-CD82OE cells, the ERK1/2 activation is abrogated to approximately 50% of the
CD82O0E response at 1 hr following PMA stimulation. We postulate that the sustained levels of activated PKCa in
the CD82OE cells (Fig. 1I) serve to stimulate and maintain the activation of ERK1/2. Conversely, we suggest that
the reduced levels of PKCa seen in the Palm-CD82OE cells upon activation (Fig. 1I) leads to a quick turnover in
ERK1/2 signaling. It has been hypothesized that membrane clustering of signaling molecules can regulate signal
transduction, with smaller, short-lived “nanoclusters” responsible for rapid signaling and larger “microclusters”
promoting sustained signal transduction®. Our findings are consistent with this notion, demonstrating that
increased PKCa “microcluster” formation seen in the CD82OE cells (Fig. 4C) correlates with sustained ERK1/2
signaling. Our findings duggest that CD82 scaffolding primarily affects the long-lived phase of ERK signaling,
which further implicates that the CD82-mediated effects on the spatial and temporal dynamics of PKCa can
significantly impact the prolonged downstream ERK1/2 effector signaling.

ERK activity has been linked to cell proliferation and leukemia chemoresistance®®®. Additionally, CD82
expression was shown to be increased in the chemotherapy-resistant CD34+/CD38~ cells in AML?. Our leukemia
colony-forming unit assays indicate that CD82OE cells form significantly more AML colonies when compared
to control or Palm-CD82OE cells, suggesting that CD820E cells have a colony forming advantage independent
of PKCa stimulation. Interestingly, following PMA treatment, CD82OE cells generate an even greater increase in
leukemia CFU formation, indicating that PKCao activation and downstream signaling regulate the aggressiveness
of AML. Moreover, we measure a significant reduction in CFU-L formation upon treatment with the ERK1/2
inhibitor FR180205, suggesting that both CD82- and PMA-mediated colony formation are dependent on ERK1/2
signaling. Together, these data suggest that targeting the CD82 scaffold may provide an alternative route towards
regulating PKCa and its downstream signaling response in AML. Tetraspanins are already being used in clinical
trials for the treatment of chronic lymphocytic leukemia®. Therefore, the ability to specifically disrupt the CD82
membrane organization, where aberrant signaling can be initiated and sustained, may represent a novel approach
to the treatment of AML.

Methods

CellCulture. The KGla, K562 and U937 cell lines (American Type Culture Collection) were cultured in RPMI
1640 medium supplemented with 10%FBS, 2mM l-glutamine, 100 u/ml penicillin, and 100 pg/ml streptomycin.
Cells were incubated at 37 °C, 95% humidity, and 5%CO,. For stimulation experiments, cells were treated with
10ng/ml of PMA alone (Sigma), or combined with FR180204 (Tocris) at 100 LM or equivalent volumes of DMSO.

Plasmids/Cell Line Generation. The mCherry-CD82 and mCherry-Palm-CD82 plasmids were con-
structed as previously described?. Cells were nucleofected with the aforementioned plamids or the mCherry-C1
plasmid (Invitrogen) and then sorted for mCherry expressing cells using fluorescence activated cell sorting at the
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Flow Cytometry Facility, UNMHSC to generate a stable pool and kept under selection using 500 pg/ml of G418.
Stable CD82 knockdown was established using KG1a cells transfected with the CD82 shRNA plasmid (Santa
Cruz Biotechnology, sc-35734-SH); cells were put under puromycin selection for 4 weeks and sorted for negative
CD82 surface expression. The GFP-PKCa plasmid, cloned in the pEGFP-N3 vector, was generously provided
by Dr. Yousuf Hannun from Stony Brook University, Stony Brook, NY. Cells were transiently nucleofected with
GFP-PKCa according to the manufacturer’s protocol (Amaxa, Lonza Group).

Western Blotting. Western blots were performed as previously described®. Antibodies used for Western
blotting were purchased from Cell Signaling Technology as follows: calnexin (C5C9), PKCa (#2056, poly-
clonal), phospho-PKCa (Thr638), ERK1/ERK2 (137F5), phospho-ERK1/ERK2 (Thr202/Thr204), p38 (D13E1),
phospho-p38 (Thr180/Tyr182), or 3-Actin (Sigma, AC-74); all antibodies were used at a 1:1000 dilution.
Horseradish peroxidase conjugate enzymes were stimulated with SuperSignal West Pico Chemiluminescent
Substrate or Femto Maximum Sensitivity Substrate (Life Technologies). Blots were imaged using the ChemiDoc
XRS Imager (Bio-Rad) and analyzed using ImageJ (National Institutes of Health) densitometry software.

Flow Cytometry. For surface expression, cells were labeled with antibody or the corresponding isotype
control in 1%BSA/PBS for 30 mins on ice. For total expression, cells were fixed with 4% paraformaldehyde and
blocked with 1%BSA/PBS/0.2%Tween for 1 hr before labeling. Cells were washed 3 times and analyzed using
an Acuri C6 flow cytometer; histograms were generated using FlowJo software. Mean fluorescence values were
normalized to the “control” cell line level. Antibodies used were CD82-647 (Biolegend, ASL-24), CD81-FITC
(Biolegend, 5A6), CD151-PE (BD Biosciences, 14A2.H1), and CD9-647 (Bio-Rad, MM2/57).

Real-time PCR. The TRIzol Reagent protocol was used to isolate total RNA; cDNA was synthesized using
qScript cDNA SuperMix protocol. Fast SYBR Green Master Mix was used for PCR reaction. The following primers
were used for amplification: PKCa forward: 5/ ATC CGC AGTGGA ATG AGT CCT TTA CAT 3/, PKCa reverse:
5" TTG GAA GGT TGT TTC CTG TCT TCA GAG 3’, GAPDH forward: 5-GTCGGTGTCAACGGATTT-3/,
human GAPDH reverse: 5'-ACTCCACGACGTACTGAGC-3'. The PCR plate was read using the 7500 Fast
Real-Time PCR System (Applied Biosystems). The Ct value from the sample was normalized to the expression
of GAPDH. Expression values were averaged from three independent experiments and expression level changes
were calculated using the 2724¢T method.

Immunofluoresence. Cells were fixed with 4% paraformaldehyde and then blocked/permeabilized with
1%BSA/PBS/0.2%Tween. Cells were then incubated with primary antibodies (CD82-Alexa647, 1:125, Biolegend
ASL-24; PKCa, 1:200, abcam, Y124). Cells were then labeled with a rabbit- Alexa488 secondary antibody (1:200,
Invitrogen). Cells were imaged by laser scanning confocal microscopy with a Zeiss Axiovert 100 M inverted
microscope (LSM 510) system (Carl Zeiss, Jena, Germany) using an excitation wavelength of 488 or 633 nm and
a 63X/1.2 numerical aperture oil immersion objective. Image analysis was performed using the Zeiss LSM 510
software.

Super-Resolution Microscopy.  Cells were plated on chamber slide wells that were treated with fibronec-
tin (25 pg/ml, Millipore). Cells were fixed with 4% paraformaldehyde and blocked/permeabilized (1%BSA/
PBS/0.2%Tween). Cells were labeled with an anti-PKCa antibody (1:200, abcam, Y124), washed, and incubated
with a goat anti-rabbit AlexaFluor647 secondary antibody (1:200; Invitrogen). Cells transfected with GFP-PKCa
were labeled with an anti-GFP Alexa647 antibody (Biolegend, FM264G). Cells were washed and post-label fixed
with 4% paraformaldehyde. Cells were washed and imaged in dSTORM imaging buffer consisting of 50 mM
Tris, 10mM NaCl, 10% w/v glucose, 168.8 u/ml glucose oxidase (Sigma #G2133), 1404.0 U/ml catalase (Sigma
#C9332), and 50 mM MEA, pH8.5. Red reference beads were used to stabilize the sample during imaging; drift
corrections were performed using MCL NanoDrive stage controller (Mad City Labs, Nano-CLP100). The sample
was imaged for 10,000 frames using a custom TIRF microscope system as described previously®' that uses an
inverted microscope (IX71, Olympus America Inc.). A 637 nm laser (HL63133DG, Thorlabs) is coupled along
with a 405 nm laser (Crystal laser), into two mode fibers and focused onto the objective lens with a 1.45 NA
(UAPON 150XTIRE Olympus America, Inc.) for data acquisition. For imaging, emission light was filtered using
bandpass filter (FF01-692/40-25, Semrock) and data was collected on an electron-multiplying charge-coupled
device (EMCCD) Camera (iXon 897; Andor Technologies, South Windsor, CT). Pixel size was 106.7 nm. Images
were acquired at ~20 ms (50 frames/second) for a 256 x 256 pixel region. All of the instrumentation is controlled
by custom-written software in Matlab (MathWorks Inc.). For one color imaging, the 637 nm and 405 nm lasers
were used concurrently. The 561 nm laser was used for bead stabilization.

Data collected was then analyzed using a method previously described, where the pixel values are converted to
photon counts and a 2D localization algorithm is used to determine the x and y positions of emitters, total photon
counts, and the background photon counts®. The localized emitters were then put through a series of thresholds
of various fitting parameters. The fitting parameters used are maximum background photons =80 and minimum
photons per frame per emitter = 500.

The SuperCluster Matlab software (http://stmc.health.unm.edu/tools-and-data/index.html) was used for SRI
cluster analysis using the DBSCAN module; a 6 um X 6 pm region of a cell was analyzed with DBSCAN which
outputs the number of clusters and their corresponding areas. Clusters in Fig. 4A-D were determined as having
at least 30 localizations within a 50 nm search radius, while clusters in Fig. 4E-G required 10 localizations. Areas
were calculated using a convex hull around all points identified as a cluster. Equivalent diameter of a cluster was
calculated as area = pi*R A 2. Molecular density is calculated as the number of localizations in a cluster divided
by the cluster area.
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Forster resonance energy transfer (FRET). Stable KGla cells were transfected with GFP-PKCa and
plated on 25 pg/ul of fibronectin overnight. Cells were imaged using the Leica SP8 System using a 63X water
objective equipped with an objective heater which maintained samples as 34 °C throughout imaging. The excita-
tion light source was a white-light laser system set at 488 nm (GFP) and 561 nm (mCherry). Fluorescence from
the 488 nm channel was collected using a HyD1 detector and fluorescence from the 561 nm channel was collected
using the HyD SMD2 in standard mode. Photobleaching was performed at 100% 561 nm laser power for 5 frames.
GFP and mCherry levels in cells outside of the field of bleaching demonstrate that inherent photobleaching did
not play a significant role in reducing GFP or mCherry fluorescence over the course of imaging (Supplemental
Fig. 4). FRET efficiencies were calculated using the formula: Efficiency = (Donor o pieach — DONOT e bieach)/
Donor g bieach Where D is the fluorescence intensity in a plasma membrane region of interest of fixed shape and
size (3 x 7 ellipse). Analysis was performed using the Leica Application Suite AF Lite software.

Single Particle Tracking (SPT). SPT was performed using the TIRF microscope optical setup as described
in the “Super-resolution Microscopy” section. A 488 nm laser (Cyan Scientific; Spectra-Physics) was used for GFP
excitation. The sample emission light was detected using an EMCCD camera (iXon 897; Andor Technologies).
500 frames per cell were acquired at 20 frames/sec. An objective heater maintained samples as 34 °C throughout
imaging.

SPT data processing was performed as described previously®. The algorithm first finds box centers from raw
data, and then fits these centers to determine the location of single particles. The localizations are then filtered
and trajectories are built by connecting localizations. The minimum number of photons to threshold a box was
1.5 photons. Once boxes were determined, the box region size used to determine the localization of single mole-
cules was 7 pixels. In order to filter localizations, the minimum number of photons to consider a localization was
20 photons, while the minimum distance between localized fits was 3 pixels. The maximum number of pixels to
search for connections was 8 pixels in x or y. The maximum number of frame gaps to search for connections was
5 frames. The minimum track length to consider valid before gap closing assignments was 2 frames.

Leukemia Colony-Forming Unit Assay. 100,000 KGla cells were treated with PMA (10 ng/ml) alone,
PMA + FR180204 (100 M) or equivalent volumes of DMSO. Cells were plated in MethoCult H4434 Classic
Medium and allowed to grow for 14 days and then leukemia colony forming units (>>30 cells) were counted.

Statistics. Statistical analyses were performed using GraphPad Prism 6 software. For multiple compari-
sons, one or two-way ANOVA was performed, followed by a Bonferroni multiple comparison analysis Post-hoc
unpaired t-tests were performed as referenced, using Welch’s correction if variances were unequal. Alpha=.05
in all analyses. The Kolmogorov-Smirnov test was used to compare cumulative distributions. (*<0.05, **<0.01,
*#%20.001, **#**<0.0001).

References

1. Colmone, A. et al. Leukemic cells create bone marrow niches that disrupt the behavior of normal hematopoietic progenitor cells.
Science 322, 1861-1865, doi: 10.1126/science.1164390 (2008).

2. Walter, R. B. et al. Effect of complete remission and responses less than complete remission on survival in acute myeloid leukemia: a
combined Eastern Cooperative Oncology Group, Southwest Oncology Group, and M. D. Anderson Cancer Center Study. J Clin
Oncol 28, 1766-1771, doi: 10.1200/JC0O.2009.25.1066 (2010).

3. Kornblau, S. M. et al. Studying the right cell in acute myelogenous leukemia: dynamic changes of apoptosis and signal transduction
pathway protein expression in chemotherapy resistant ex-vivo selected “survivor cells”. Cell cycle 5, 2769-2777 (2006).

4. Kurinna, S. et al. Bcl2 phosphorylation and active PKC alpha are associated with poor survival in AML. Leukemia 20, 1316-1319,
doi: 10.1038/sj.leu.2404248 (2006).

5. Newton, A. C. Protein kinase C: structure, function, and regulation. The Journal of biological chemistry 270, 28495-28498 (1995).

6. Nakashima, S. Protein kinase C alpha (PKC alpha): regulation and biological function. Journal of biochemistry 132, 669-675 (2002).

7. Schonwasser, D. C., Marais, R. M., Marshall, C. J. & Parker, P. ]. Activation of the mitogen-activated protein kinase/extracellular
signal-regulated kinase pathway by conventional, novel, and atypical protein kinase C isotypes. Mol Cell Biol 18, 790-798 (1998).

8. Chang, J. H., Pratt, J. C., Sawasdikosol, S., Kapeller, R. & Burakoff, S. J. The small GTP-binding protein Rho potentiates AP-1
transcription in T cells. Mol Cell Biol 18, 4986-4993 (1998).

9. Kolch, W. et al. Protein kinase C alpha activates RAF-1 by direct phosphorylation. Nature 364, 249-252, doi: 10.1038/364249a0
(1993).

10. Ruvolo, P. P. et al. Targeting PKC-mediated signal transduction pathways using enzastaurin to promote apoptosis in acute myeloid
leukemia-derived cell lines and blast cells. Journal of cellular biochemistry 112, 1696-1707, doi: 10.1002/jcb.23090 (2011).

11. Zabkiewicz, J. et al. The PDK1 master kinase is over-expressed in acute myeloid leukemia and promotes PKC-mediated survival of
leukemic blasts. Haematologica 99, 858-864, doi: 10.3324/haematol.2013.096487 (2014).

12. Hemler, M. E. Tetraspanin functions and associated microdomains. Nature reviews. Molecular cell biology 6, 801-811, doi: 10.1038/
nrm1736 (2005).

13. Charrin, S. ef al. Lateral organization of membrane proteins: tetraspanins spin their web. The Biochemical journal 420, 133-154, doi:
10.1042/BJ20082422 (2009).

14. Berditchevski, F, Odintsova, E., Sawada, S. & Gilbert, E. Expression of the palmitoylation-deficient CD151 weakens the association
of alpha 3 beta 1 integrin with the tetraspanin-enriched microdomains and affects integrin-dependent signaling. The Journal of
biological chemistry 277, 36991-37000, doi: 10.1074/jbc.M205265200 (2002).

15. Anzai, N. et al. C-kit associated with the transmembrane 4 superfamily proteins constitutes a functionally distinct subunit in human
hematopoietic progenitors. Blood 99, 4413-4421 (2002).

16. Odintsova, E., Sugiura, T. & Berditchevski, F. Attenuation of EGF receptor signaling by a metastasis suppressor, the tetraspanin
CD82/KAI-1. Current biology : CB 10, 1009-1012 (2000).

17. Yanez-Mo, M. et al. Regulation of endothelial cell motility by complexes of tetraspan molecules CD81/TAPA-1 and CD151/PETA-3
with alpha3 betal integrin localized at endothelial lateral junctions. J Cell Biol 141, 791-804 (1998).

18. Lammerding, J., Kazarov, A. R., Huang, H., Lee, R. T. & Hemler, M. E. Tetraspanin CD151 regulates alpha6betal integrin adhesion
strengthening. Proceedings of the National Academy of Sciences of the United States of America 100, 7616-7621, doi: 10.1073/
pnas.1337546100 (2003).

SCIENTIFICREPORTS | 6:29859 | DOI: 10.1038/srep29859 12



www.nature.com/scientificreports/

19.

20.
. Yang, X. et al. Palmitoylation supports assembly and function of integrin-tetraspanin complexes. The Journal of cell biology 167,

22.
23.

24.

25.

26.

27.
28.
29.

30.

31.
32.
33.
34,
35.
36.
37.

38.
39.

40.

41.

42.
43.
44,
45.
46.
47.

48.

53.
54.
55.
56.

57.

Shi, W, Fan, H., Shum, L. & Derynck, R. The tetraspanin CD9 associates with transmembrane TGF-alpha and regulates TGF-alpha-
induced EGF receptor activation and cell proliferation. J Cell Biol 148, 591-602 (2000).
Charrin, S. et al. Differential stability of tetraspanin/tetraspanin interactions: role of palmitoylation. FEBS Lett 516, 139-144 (2002).

1231-1240, doi: 10.1083/jcb.200404100 (2004).

Cherukuri, A. et al. B cell signaling is regulated by induced palmitoylation of CD81. The Journal of biological chemistry 279,
31973-31982, doi: 10.1074/jbc.M404410200 (2004).

Clark, K. L. et al. CD81 associates with 14-3-3 in a redox-regulated palmitoylation-dependent manner. The Journal of biological
chemistry 279, 19401-19406, doi: 10.1074/jbc.M312626200 (2004).

Little, K. D., Hemler, M. E. & Stipp, C. S. Dynamic regulation of a GPCR-tetraspanin-G protein complex on intact cells: central role
of CD81 in facilitating GPR56-Galpha q/11 association. Molecular biology of the cell 15, 2375-2387, doi: 10.1091/mbc.E03-12-0886
(2004).

Hong, I. K, Jeoung, D. I, Ha, K. S., Kim, Y. M. & Lee, H. Tetraspanin CD151 stimulates adhesion-dependent activation of Ras, Rac,
and Cdc42 by facilitating molecular association between betal integrins and small GTPases. The Journal of biological chemistry 287,
32027-32039, doi: 10.1074/jbc.M111.314443 (2012).

Zhang, X. A., Bontrager, A. L. & Hemler, M. E. Transmembrane-4 superfamily proteins associate with activated protein kinase C
(PKC) and link PKC to specific beta(1) integrins. The Journal of biological chemistry 276, 25005-25013, doi: 10.1074/jbc.
M102156200 (2001).

Burchert, A. et al. CD82 (KAI1), a member of the tetraspan family, is expressed on early haemopoietic progenitor cells and up-
regulated in distinct human leukaemias. Br ] Haematol 107, 494-504 (1999).

Nishioka, C., Ikezoe, T., Yang, J. & Yokoyama, A. Tetraspanin Family Member, CD82, Regulates Expression of EZH2 via Inactivation
of p38 MAPK Signaling in Leukemia Cells. PloS one 10, €0125017, doi: 10.1371/journal.pone.0125017 (2015).

Mazurov, D., Heidecker, G. & Derse, D. The inner loop of tetraspanins CD82 and CD81 mediates interactions with human T cell
lymphotrophic virus type 1 Gag protein. The Journal of biological chemistry 282, 3896-3903, doi: 10.1074/jbc.M607322200 (2007).
Hansra, G., Bornancin, F, Whelan, R., Hemmings, B. A. & Parker, P. J. 12-O-Tetradecanoylphorbol-13-acetate-induced
dephosphorylation of protein kinase Calpha correlates with the presence of a membrane-associated protein phosphatase 2A
heterotrimer. The Journal of biological chemistry 271, 32785-32788 (1996).

Wang, Y. et al. Sequential posttranslational modifications regulate PKC degradation. Molecular biology of the cell 27, 410-420, doi:
10.1091/mbc.E15-09-0624 (2016).

Melnikov, S. & Sagi-Eisenberg, R. Down-regulating protein kinase C alpha: functional cooperation between the proteasome and the
endocytic system. Cellular signalling 21, 1607-1619, doi: 10.1016/j.cellsig.2009.06.007 (2009).

Lee, H. W, Smith, L., Pettit, G. R., Vinitsky, A. & Smith, J. B. Ubiquitination of protein kinase C-alpha and degradation by the
proteasome. The Journal of biological chemistry 271, 20973-20976 (1996).

van Spriel, A. B. et al. The tetraspanin CD37 orchestrates the alpha(4)beta(1) integrin- Akt signaling axis and supports long-lived
plasma cell survival. Sci Signal 5, ra82, doi: 10.1126/scisignal.2003113 (2012).

Marjon, K. D. et al. Tetraspanin CD82 regulates bone marrow homing of acute myeloid leukemia by modulating the molecular
organization of N-cadherin. Oncogene doi: 10.1038/0onc.2015.449 (2015).

Termini, C. M. et al. The membrane scaffold CD82 regulates cell adhesion by altering alpha4 integrin stability and molecular density.
Molecular biology of the cell 25, 1560-1573, doi: 10.1091/mbc.E13-11-0660 (2014).

Swanson, C. J. et al. Conserved modular domains team up to latch-open active protein kinase Calpha. The Journal of biological
chemistry 289, 17812-17829, doi: 10.1074/jbc.M113.534750 (2014).

Huang, K. P. The mechanism of protein kinase C activation. Trends Neurosci 12, 425-432 (1989).

Cebecauer, M., Spitaler, M., Serge, A. & Magee, A. L. Signalling complexes and clusters: functional advantages and methodological
hurdles. Journal of cell science 123, 309-320, doi: 10.1242/jcs.061739 (2010).

Ester, M., Kreigel, H.-P,, Sander, J. & Xu, X. In Proceedings of the 2nd International Conference on Knowledge Discovery and Data
Mining 226-231 (AAAI Press).

Baddeley, D. et al. Optical single-channel resolution imaging of the ryanodine receptor distribution in rat cardiac myocytes.
Proceedings of the National Academy of Sciences of the United States of America 106, 22275-22280, doi: doi: 10.1073/pnas.0908971106
(2009).

Milella, M. et al. Therapeutic targeting of the MEK/MAPK signal transduction module in acute myeloid leukemia. J Clin Invest 108,
851-859, doi: 10.1172/JCI12807 (2001).

Wang, X. Q. et al. Suppression of epidermal growth factor receptor signaling by protein kinase C-alpha activation requires CD82,
caveolin-1, and ganglioside. Cancer research 67, 9986-9995, doi: 10.1158/0008-5472.CAN-07-1300 (2007).

Yang, X. et al. Palmitoylation of tetraspanin proteins: modulation of CD151 lateral interactions, subcellular distribution, and
integrin-dependent cell morphology. Molecular biology of the cell 13, 767-781, doi: 10.1091/mbc.01-05-0275 (2002).

Odintsova, E. et al. Metastasis suppressor tetraspanin CD82/KAI1 regulates ubiquitylation of epidermal growth factor receptor. The
Journal of biological chemistry 288, 26323-26334, doi: 10.1074/jbc.M112.439380 (2013).

Li, Q. et al. Tetraspanin CD151 plays a key role in skin squamous cell carcinoma. Oncogene 32, 1772-1783, doi: 10.1038/
0nc.2012.205 (2013).

Ford, D. A., Horner, C. C. & Gross, R. W. Protein kinase C acylation by palmitoyl coenzyme A facilitates its translocation to
membranes. Biochemistry 37, 11953-11961, doi: 10.1021/bi980565w (1998).

Tian, T. et al. Plasma membrane nanoswitches generate high-fidelity Ras signal transduction. Nat Cell Biol 9, 905-914, doi: 10.1038/
ncb1615 (2007).

. Harding, A. & Hancock, J. F. Ras nanoclusters: combining digital and analog signaling. Cell cycle 7, 127-134 (2008).
. Elad-Sfadia, G., Haklai, R., Ballan, E., Gabius, H. J. & Kloog, Y. Galectin-1 augments Ras activation and diverts Ras signals to Raf-1

at the expense of phosphoinositide 3-kinase. The Journal of biological chemistry 277, 37169-37175, doi: 10.1074/jbc.M205698200
(2002).

. Blume-Jensen, P. & Hunter, T. Oncogenic kinase signalling. Nature 411, 355-365, doi: 10.1038/35077225 (2001).
. Lunghi, P. et al. Downmodulation of ERK activity inhibits the proliferation and induces the apoptosis of primary acute myelogenous

leukemia blasts. Leukemia 17, 1783-1793, doi: 10.1038/sj.leu.2403032 (2003).

Milella, M. et al. MEK blockade converts AML differentiating response to retinoids into extensive apoptosis. Blood 109, 2121-2129,
doi: 10.1182/blood-2006-05-024679 (2007).

Kerr, A. H. et al. An investigation of the MEK/ERK inhibitor U0126 in acute myeloid leukemia. Ann N'Y Acad Sci 1010, 86-89
(2003).

James, J. A. et al. An investigation of the effects of the MEK inhibitor U0126 on apoptosis in acute leukemia. Hematol ] 4, 427-432,
doi: 10.1038/sj.thj.6200327 (2003).

Murayama, Y. et al. CD9-mediated activation of the p46 Shc isoform leads to apoptosis in cancer cells. Journal of cell science 117,
3379-3388, doi: 10.1242/jcs.01201 (2004).

Carloni, V., Mazzocca, A. & Ravichandran, K. S. Tetraspanin CD81 is linked to ERK/MAPKinase signaling by Shc in liver tumor
cells. Oncogene 23, 1566-1574, doi: 10.1038/sj.onc.1207287 (2004).

SCIENTIFICREPORTS | 6:29859 | DOI: 10.1038/srep29859 13



www.nature.com/scientificreports/

58. Steelman, L. S. et al. JAK/STAT, Raf/MEK/ERK, PI3K/Akt and BCR-ABL in cell cycle progression and leukemogenesis. Leukemia
18, 189-218, doi: 10.1038/sj.leu.2403241 (2004).

59. Willard, E S. & Crouch, M. F. MEK, ERK, and p90RSK are present on mitotic tubulin in Swiss 3T3 cells: a role for the MAP kinase
pathway in regulating mitotic exit. Cellular signalling 13, 653-664 (2001).

60. Beckwith, K. A., Byrd, J. C. & Muthusamy, N. Tetraspanins as therapeutic targets in hematological malignancy: a concise review.
Frontiers in physiology 6, 91, doi: 10.3389/fphys.2015.00091 (2015).

61. Valley, C. C,, Liu, S,, Lidke, D. S. & Lidke, K. A. Sequential superresolution imaging of multiple targets using a single fluorophore.
PloS one 10, 0123941, doi: 10.1371/journal.pone.0123941 (2015).

62. Huang, F, Schwartz, S. L., Byars, ]. M. & Lidke, K. A. Simultaneous multiple-emitter fitting for single molecule super-resolution
imaging. Biomed Opt Express 2, 1377-1393, doi: 10.1364/BOE.2.001377 (2011).

63. Schwartz, S. L. et al. Fluorogen-activating proteins provide tunable labeling densities for tracking FcepsilonRI independent of IgE.
ACS chemical biology 10, 539-546, doi: 10.1021/cb5005146 (2015).

Acknowledgements

We would like to thank Dr. Samantha L. Schwartz for her generous assistance with acquiring and analyzing single
particle tracking data. We also acknowledge Dr. Yousuf Hannun for kindly sharing the GFP-PKCa plasmid with
us. We also thank Genevieve Phillips and Dr. Rebecca Lee from the University of New Mexico Cancer Center
Fluorescence Microscopy and Cell Imaging Shared Resource for assistance with FRET imaging and analysis.
We also thank Erin Lucero for experimental assistance. This work was supported by an F31 Fellowship from
the National Heart, Lung, and Blood Institute (F31HL124977 to C.M.T.), the UNM Spatiotemporal Modeling
Center (P50GM085273 to B. Wilson), the UNM Cancer Research and Training Center (P30CA118100 to C.
Willman), and an NIH investigator grant (RO1HL122483-01 to ].M.G.). Research reported in this publication
was supported by an Institutional Development Award (IDeA) from the National Institute of General Medical
Sciences of the National Institutes of Health under grant number P20GM103451.

Author Contributions
C.M.T. and ].M.G. wrote the manuscript. C.M.T. preformed experiments, analysis and prepared figures. CM.T.
and J.M.G. conceived experiments. K.A.L. assisted with data analysis. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Termini, C. M. et al. Tetraspanin CD82 Regulates the Spatiotemporal Dynamics of
PKCa in Acute Myeloid Leukemia. Sci. Rep. 6, 29859; doi: 10.1038/srep29859 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:29859 | DOI: 10.1038/srep29859 14


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Tetraspanin CD82 Regulates the Spatiotemporal Dynamics of PKCα in Acute Myeloid Leukemia

	Results

	The CD82 scaffold regulates PKCα expression and activation. 
	The CD82 scaffold regulates short-term PKCα membrane association. 
	PKCα is recruited and maintained at the CD82 scaffold upon stimulation. 
	PKCα clustering at the membrane is controlled by the CD82 scaffold. 
	CD82 modulates ERK1/2 activity downstream of PKCα stimulation. 
	CD82 regulates AML colony formation in a PKCα-dependent manner. 

	Discussion

	Methods

	Cell Culture. 
	Plasmids/Cell Line Generation. 
	Western Blotting. 
	Flow Cytometry. 
	Real-time PCR. 
	Immunofluoresence. 
	Super-Resolution Microscopy. 
	Förster resonance energy transfer (FRET). 
	Single Particle Tracking (SPT). 
	Leukemia Colony-Forming Unit Assay. 
	Statistics. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ The CD82 scaffold regulates PKCα expression and activation.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ The CD82 scaffold regulates PKCα association with the membrane.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ PKCα is stabilized by the CD82 scaffold.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ PKCα clustering at the membrane is controlled by the CD82 scaffold.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ CD82 modulates ERK1/2 activity downstream of PKCα stimulation.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ CD82 regulates AML colony formation in a PKCα-dependent manner.



 
    
       
          application/pdf
          
             
                Tetraspanin CD82 Regulates the Spatiotemporal Dynamics of PKCα in Acute Myeloid Leukemia
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29859
            
         
          
             
                Christina M. Termini
                Keith A. Lidke
                Jennifer M. Gillette
            
         
          doi:10.1038/srep29859
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep29859
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep29859
            
         
      
       
          
          
          
             
                doi:10.1038/srep29859
            
         
          
             
                srep ,  (2016). doi:10.1038/srep29859
            
         
          
          
      
       
       
          True
      
   




