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Many newly synthesized cellular proteins pass through the
Golgi complex from where secretory transport carriers sort
them to the plasma membrane and the extracellular environ-
ment. The formation of these secretory carriers at the trans-
Golgi network is promoted by the protein kinase D (PKD) family
of serine/threonine kinases. Here, using mathematical model-
ing and experimental validation of the PKD activation and sub-
strate phosphorylation kinetics, we reveal that the expression
level of the PKD substrate deleted in liver cancer 1 (DLC1), a
Rho GTPase–activating protein that is inhibited by PKD-medi-
ated phosphorylation, determines PKD activity at the Golgi
membranes. RNAi-mediated depletion of DLC1 reduced PKD
activity in a Rho–Rho-associated protein kinase (ROCK)– de-
pendent manner, impaired the exocytosis of the cargo protein
horseradish peroxidase, and was associated with the accumula-
tion of the small GTPase RAB6 on Golgi membranes, indicating
a protein-trafficking defect. In summary, our findings reveal
that DLC1 maintains basal activation of PKD at the Golgi and
Golgi secretory activity, in part by down-regulating Rho–ROCK
signaling. We propose that PKD senses cytoskeletal changes
downstream of DLC1 to coordinate Rho signaling with Golgi
secretory function.

Protein kinase D (PKD),4 comprising PKD1, PKD2, and
PKD3, is a family of serine/threonine protein kinases that local-

izes to trans-Golgi network (TGN) membranes where it con-
trols protein secretion (1, 2). PKD further plays an important
role in the regulation of actin cytoskeleton remodeling and cell
motility (3). Membrane recruitment of PKD depends on diacyl-
glycerol (DAG), a lipid second messenger that also activates
novel PKCs, which in turn phosphorylate and activate PKD (4).
At the Golgi membranes, PKD phosphorylates and regulates
the lipid kinase PI4KIII� (5), the BAR domain protein Arfap-
tin-1 (6), and the lipid transfer proteins CERT and OSBP (7, 8),
which together coordinate the formation and budding of secre-
tory vesicles. Although the biochemical mechanisms underly-
ing PKD activation and its downstream substrates have been
studied extensively, little is known about the negative regula-
tion of PKD and whether PKD activity is subject to any feedback
regulation. Although it is intuitively clear that Golgi secretory
activity must adapt to changes in the cellular environment, how
extracellular cues and signals emanating from the plasma mem-
brane are relayed to the Golgi complex to coordinate secretion
is still elusive.

Rho proteins are ubiquitously expressed small GTPases that
coordinate actin and microtubule cytoskeleton rearrange-
ments, thereby regulating diverse cellular processes such as cell
adhesion and migration, cell division, and membrane traffick-
ing (9). When bound to GTP, Rho GTPases can associate with
different effector proteins, triggering the activation of down-
stream signaling. The cycle between the active GTP-bound and
inactive GDP-bound state is regulated by the GEF proteins that
promote the exchange of GDP for GTP, whereas GAP proteins
accelerate the intrinsic GTPase activity, leading to the inactiva-
tion of the Rho protein (10). The RhoA isoform is associated
mainly with the plasma membrane where it controls actin stress
fiber formation and actomyosin contraction. Overexpression of
constitutively active RhoA or the GEF protein Lbc was shown
to increase basal PKD activity (11). Later, RhoA activation
induced by oxidative stress or the loss of cell– cell adhesions
was reported to increase PKD activity by a mechanism involv-
ing novel PKCs and the cytoplasmic kinases ROCK and Src (12,
13). Vice versa, PKD has also been implicated in controlling
RhoA activity, for example, by the direct phosphorylation and
stabilization of the RhoA effector protein rhotekin (14) and by
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the functional inactivation of the RhoGAP DLC1 (15). Upon
PKD-mediated phosphorylation, DLC1 is bound and seques-
tered by 14-3-3 proteins, thereby preventing it from inactivat-
ing Rho-GTP. These observations raise the question of
whether a positive feedback involving Rho GTPase signaling
exists, maintaining cellular PKD activity and thus Golgi
secretory function.

Here, we tested this hypothesis by a data-driven modeling
approach that captures PKD activation depending on DLC1-
mediated Rho regulation. Intriguingly, our model anticipates
a DLC1-dependent negative effect of Rho signaling on PKD activ-
ity. These predictions were confirmed in subsequent cellular
experiments, which further uncovered a novel role for DLC1 in the
regulation of protein secretion from TGN membranes.

Results

Reciprocal activation of PKD and RhoA

To address whether PKD activity might be subject to Rho-de-
pendent feedback regulation, we first examined whether the
expression of active RhoA leads to PKD activation and concomi-
tant inhibitory phosphorylation of the RhoGAP DLC1, a direct

PKD substrate. Because of its GAP activity and tumor suppressor
function, the overexpression of DLC1 is associated with strong
morphological changes that can eventually lead to cell death. The
endogenous protein, however, is expressed at very low levels that
preclude quantitative analysis of DLC1 phosphorylation. We thus
used as a model system the previously established Flp-In GFP-
DLC1 cell line in which GFP-DLC1 expression can be induced by
doxycycline addition (15). These cells were transiently transfected
to express constitutively active (ca) or dominant negative (dn)
RhoA and treated with doxycycline for 16 h. Compared with
the GFP vector control cells, expression of RhoA-ca increased
whereas RhoA-dn suppressed PKD activity as measured by an
antibody that recognizes the autophosphorylated kinase (pPKD)
(Fig. 1, A and B). In cells expressing RhoA-ca, this was associated
with increased DLC1 phosphorylation detected by a PKD sub-
strate antibody reactive with the phosphorylated PKD consensus
motif (16) (Fig. 1, A and B). Note that HEK293 cells mainly express
PKD2 and PKD3 and little PKD1. To test whether active PKD, in
turn, stimulates RhoA activation, we expressed in HEK293T cells a
genetically encoded RhoA FRET biosensor together with either ca
or kinase-dead PKD1. In line with our hypothesis, expression of
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Figure 1. Reciprocal activation of PKD and RhoA. A, Flp-In GFP-DLC1 cells were transiently transfected with vectors encoding GFP, ca GFP-RhoA, or dn
GFP-RhoA. Six hours post-transfection, GFP-DLC1 expression was induced with doxycycline. The next day, cells were lysed, and lysates were analyzed by
immunoblotting. B, band intensities from three independent experiments were quantified and normalized to the loading control and control sample. Shown
are the means with error bars depicting �S.E. C, HEK293T cells were transiently cotransfected with vectors encoding ca or kinase-dead (kd) PKD1 and a RhoA
FRET biosensor (27). The next day, cells were lysed, and the FRET ratio was analyzed. Shown are the mean FRET ratios from three independent experiments
normalized to the control. Shown are the means with error bars depicting �S.E. D, cell lysates from C were analyzed by immunoblotting. E, positive feedback
hypothesis in which Rho activates PKD, which phosphorylates and inactivates the RhoGAP DLC1, to support further Rho activation. Data in B and C were
analyzed by one-way analysis of variance followed by Dunnett’s multiple comparisons test. Only statistically significant changes are indicated. **, p � 0.01.
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the active PKD1 significantly increased the FRET ratio of the RhoA
biosensor measured in the cell lysates, whereas inactive PKD1
failed to do so (Fig. 1C). Immunoblotting of the cell lysates con-
firmed expression of the PKD variants (Fig. 1D). These results sug-
gest a molecular pathway in which RhoA activates PKD, which
phosphorylates and functionally inactivates DLC1, potentially
resulting in an overall positive feedback (Fig. 1E).

To confirm that the activation of endogenous PKD also leads
to DLC1 substrate phosphorylation, we stimulated the cells

with the microtubule-depolymerizing agent nocodazole, which
activates PKD at Golgi membranes (17). Nocodazole treatment
of Flp-In GFP-DLC1 cells expressing GFP-DLC1 elevated the
PKD phosphorylation levels, which was blocked by the selective
PKD inhibitor kb NB 142-70 (kb-NB) and more efficiently by
the more potent but less specific PKC/PKD inhibitor Gö-6976
(Fig. 2A). This was accompanied by increased DLC1 phosphor-
ylation, which was also suppressed by pharmacological PKD
inhibition (Fig. 2A). Significance of the effect of the inhibitors

Figure 2. Modeling of nocodazole-induced PKD dynamics. A, Flp-In GFP-DLC1 cells were treated with doxycycline. The next day, the cells were treated with
kb-NB or Gö-6976 for 2 h followed by nocodazole (Noc) treatment for the times indicated. Cells lysates were analyzed by immunoblotting. Band intensities from
four independent experiments were quantified and normalized to the loading control and control sample. Shown are the means with error bars depicting �S.E.
B, significance of the effect of the inhibitors Gö-6976 and kb-NB was investigated via an F-test, according to which Gö-6976 suppresses phosphorylation time
courses of PKD and DLC1 significantly with a 5% level of significance, whereas the null hypothesis H0 cannot be rejected, and hence the effect of kb-NB is not
significant. C, asterisks indicate renormalized experimental data from A with normalization points denoted by diamonds together with trajectories of the
calibrated model that all lie on top of each other. D, model validation via a bootstrapping approach in which the inferred stochastic model was used to resample
new experimental data to estimate the probability density function (pdf) of the maximum-likelihood objective function value.
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was investigated with an F-test. For this, we compared two
parametrized model variants. In the null hypothesis H0, the
inhibitor does not act significantly; the alternative hypothesis
assumes a significant influence of the inhibitor under investi-
gation on the pPKD and pDLC1 time courses. Results are
shown in Fig. 2B. According to our test statistics, the pPKD and
pDLC1 time courses are significantly below those of the control
experiments for the inhibitor Gö-6976, whereas the effect is not
significant for the inhibitor kb-NB (see supporting Section 1).
Similar results were obtained upon stimulation of cells with the
phorbol ester phorbol 12,13-dibutyrate (PDBu), an analogue of
DAG. Phorbol ester treatment enhanced PKD and DLC1 phos-
phorylation, both of which could be blocked by kb-NB (Fig. S1).

Computational modeling suggests negative feedback
regulation of PKD activity

Based on the hypothesized model structure (Fig. 1E) and the
measured outputs in the time series experiments, we formu-
lated a model with two state variables that represent phosphor-
ylated PKD and DLC1, respectively. We used mass action kinet-
ics for phosphorylation and dephosphorylation kinetics.

pPK̇D � k�DLC1,��PKD � �1pPKD (Eq. 1)

pDL̇C1 � �2pPKD � DLC1 � �3pDLC1 (Eq. 2)

The PKD phosphorylation rate k(DLC1,�) depends on DLC1
via Rho and on the experimental treatment of the cells and is
specified in Table S3. We eliminated unphosphorylated PKD
and DLC1 by assuming mass conservation of respective total
amounts and normalized both state variables accordingly (sup-
porting Sections 1 and 2). For model calibration, we exploited
maximum-likelihood estimation (MLE), which requires the
choice of an appropriate error model for observed outputs.
Selection of an error model was done as a data-driven prepro-
cessing step, which is computationally more efficient than a
combination of error model selection and model calibration.
We set up different error models by combining additive normal
and multiplicative log-normal error models with biased and
unbiased variance estimators. We additionally compared dif-
ferent variants of pooling standard deviations. Comparison was
done in terms of suitable information criteria as shown in Table
S2 in supporting Section 1. Based on these results, we decided
to use an additive normal error model and six standard devia-
tions for the modeling study. For each experiment, we used a
point control normalization to the highest signal value to avoid
normalization to low signals with a low signal-to-noise ratio
(18). The resulting optimization problem consisted of 16
parameters in total (see supporting Section 2).

Fig. 2C shows the calibrated courses of pPKD and pDLC1
after addition of nocodazole in the control case versus treat-
ment with the PKD inhibitors kb-NB and Gö-6976 (compare
Fig. 2A). Experimental data are indicated by asterisks. Trajecto-
ries were obtained by taking all parameters from the optimiza-
tion runs into account that gave reasonable model fits. The
response to nocodazole treatment is well captured, although
the steady-state value prior to nocodazole addition is slightly
underestimated for both variables in the control case. Both
PKD inhibitors reduce the phosphorylation rate of PKD and

thus slow down the dynamics of the system, which is more
pronounced for Gö-6976 than for kb-NB, as suggested by the
data. Respective model fits to measurements of the system
response after treatment with PDBu (Fig. S1) and overexpres-
sion of Rho (Fig. 1, A and B) show that the model also captures
these experiments (Fig. S5). Our approach further provided
estimates for standard deviations of measured outputs, which
are in good agreement with the respective empirical values
which are directly derived from the data as shown in (Fig. S4).

Plausibility of the model was tested by a parametric boot-
strapping approach in which we used the inferred stochastic
model to generate many data sets with the same size and
structure as the experimental data used for model calibra-
tion. Then we calculated the likelihood of these data sets by
using simulations with the maximum-likelihood estimator
�MLE and used these values to estimate a probability density
p(Jopt) via kernel density estimation. This was compared
with the likelihood value of the real experimental data (Fig.
2D and supporting Section 2). The objective function value
of the MLE falls into the center of this distribution, indicat-
ing that we are neither in a poor fitting regime nor did we
encounter an overfitting problem. Overall, the model is able
to describe all experiments, and model granularity consti-
tutes a good tradeoff between complexity and flexibility to
adapt to different experimental conditions.

We also analyzed values and correlations of inferred param-
eters (Fig. S3). Strikingly, the optimizer consistently assigned
very small values to the parameter �6, a measure for the influ-
ence of DLC1 on PKD. Given this, PKD dynamics do not seem
to be affected by DLC1 in the inferred model. Such a qualitative
statement about the network structure, however, cannot only
be based on dimensionless parameter values that have been
rescaled in the normalization procedure and cannot directly be
compared with another. Thus, we used the model to quantify
the influence of DLC1 directly on pPKD by simulating the
expected -fold change in pPKD in response to altered DLC1
total amounts, which is reflected by the scaling parameter s1 in
Fig. 3. Fig. 3A shows that pPKD is only minimally affected, even
when DLC1 amounts are very low, suggesting that DLC1 does
not inhibit PKD activity.

We then calculated the profile likelihood of the feedback
parameter �6 around the maximum-likelihood value (Fig. 3B).
Because �̂6 is very small, we also allowed negative �6 values,
which correspond to a sign change of the influence of DLC1 on
pPKD in the network and hence imply a new network structure
referred to as model 2. Surprisingly, the overall fit quality
improved with negative �6 values with an optimum at �6

* �
�240. The expected -fold change in pPKD using �6

* as a new
estimate is shown in Fig. 3C. Here, pPKD levels are tightly reg-
ulated by DLC1 and increase with increasing DLC1 amounts in
an almost perfect linear way. Our model simulations and the
profile-likelihood analysis are thus supportive of an overall neg-
ative rather than a positive feedback.

Experimental manipulation of DLC1 levels confirms
Rho–ROCK-dependent negative regulation of PKD activity

To experimentally test the model prediction that PKD activ-
ity is sensitive to DLC1 expression levels, we first increased
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cellular DLC1 expression by doxycycline addition in Flp-In
GFP-DLC1 cells and second reduced the endogenous DLC1
expression by RNAi-mediated DLC1 down-regulation followed
by measurement of PKD autophosphorylation. Intriguingly,
comparison of the PKD phosphorylation in doxycycline-treated
Flp-In GFP-DLC1 cells with the PKD phosphorylation in
untreated cells revealed an increase of 1.5-fold (Fig. 4A). Next,
we down-regulated DLC1 by siRNA transfection in uninduced
Flp-In GFP-DLC1 cells (Fig. 4C), resulting in the reduction of
basal PKD phosphorylation (Fig. 4B, 0 min). Of note, PKD
phosphorylation was still increased upon nocodazole treat-
ment of cells (Fig. 4B, 10 and 30 min), ruling out a general
inactivation mechanism. The suppression of basal PKD phos-
phorylation in cells depleted of DLC1 was partially rescued
by pharmacological ROCK inhibition (H1152), indicating
that Rho–ROCK signaling suppresses PKD in DLC1-de-
pleted cells, whereas ROCK inhibition had no effect on the
pPKD levels in the control siRNA (siNT)-transfected cells
(Fig. 4D). Importantly, reduced PKD phosphorylation by
DLC1 depletion was confirmed using independent siRNAs
(Fig. S11A). These data strongly support model 2 wherein
DLC1, by down-regulating Rho–ROCK signaling, contrib-
utes to the activation of PKD.

We extended model 2 to include these new experiments. The
resulting model fit is shown in Fig. 5. Details of the revised
model and the estimation procedure are given in supporting
Sections 3 and 4. Larger variability of trajectories results from
the additional constraints in the optimization problem due to
the new experiments. Comparing trajectories of models 1 and 2
for the nocodazole experiments (Fig. 2C), the negative feedback
slows down the system dynamics and compensates for the dif-
ferences in the effectiveness of the two inhibitors. All other
experiments are also well captured (Fig. S7). Plausibility of
the revised model was again confirmed by a bootstrapping
approach (Fig. 5E). Taken together, the revised model is supe-
rior in fitting the experimental data, thus strengthening the
hypothesis that, downstream of DLC1, Rho negatively controls
PKD activity, resulting in an overall negative feedback.

DLC1 regulates PKD activity at Golgi membranes and protein
secretion

The primary localization of PKD is at Golgi membranes, but
PKD was also found to associate with the plasma membrane
and mitochondria and to translocate to the nucleus. To deter-
mine whether the Golgi-localized PKD pool is sensitive to
DLC1 regulation, we used a previously described PKD reporter
that allows the specific determination of PKD activity at the

Figure 3. Mathematical modeling suggests a DLC1-dependent negative feedback of Rho signaling on PKD activity. A, -fold changes in pPKD upon
changes in the DLC1 total (tot) amount as predicted by the model. Error bars represent S.D. B, profile likelihood for the feedback parameter �6. C, Using model
2, pPKD clearly decreases with decreasing DLC1 amounts.

Figure 4. PKD activity positively correlates with DLC1 expression. A,
Flp-In GFP-DLC1 cells were induced with doxycycline, and PKD activation was
analyzed by immunoblotting. Band intensities from three independent
experiments were quantified and normalized to the loading control and con-
trol sample. Shown are the means with error bars depicting �S.E. B, unin-
duced Flp-In GFP-DLC1 cells were transfected with siNT or siDLC1. After 72 h,
the cells were treated with nocodazole as indicated and lysed, and PKD acti-
vation was analyzed by immunoblotting. Band intensities from three inde-
pendent experiments were quantified and normalized to the loading control
and control sample. Shown are the means with error bars depicting �S.E. *,
p � 0.05 (one-sample t test). C, validation of DLC1 knockdown by immuno-
blotting. D, uninduced Flp-In GFP-DLC1 cells were transfected with the indi-
cated siRNAs. After 2 days, cells were treated with H1152 where indicated.
PKD activation was analyzed by immunoblotting. Band intensities from three
independent experiments were quantified and normalized to the loading
control and control sample. Shown are the means with error bars depicting
�S.E. *, p � 0.05 (paired two-sample t test); **, p � 0.01; n.s., not significant
(one-sample t test); ***, p � 0.001.
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Golgi membranes (17). Indeed, in HEK293T cells depleted of
DLC1, phosphorylation of the Golgi-localized PKD reporter as
measured in cell lysates was reduced by 50% (Figs. 6A and
S11B). We confirmed these results by ratiometric imaging of
PKD reporter phosphorylation, measuring specifically the sig-
nal intensity at the Golgi membranes (Fig. 6B). Compared with
the control cells, in cells lacking DLC1, Golgi-localized PKD
activity was significantly reduced.

PKD activity at the TGN is essential for secretory vesicle
formation. Considering the novel molecular link between
DLC1 and PKD, we reasoned that DLC1 depletion should affect
Golgi function. To quantitatively measure protein secretion, we
used Flp-In T-REx 293 cells inducibly expressing FLAG-labeled
horseradish peroxidase (HRP) fused to a signal peptide that
directs HRP to the secretory pathway. ssHRP is a well charac-
terized model cargo that is known to be secreted in a PKD-de-
pendent manner (7, 19). Compared with siRNA-transfected
control cells, the HRP activity measured in the supernatant of
cells lacking DLC1 was significantly reduced and was similar to
the HRP activity contained in the supernatants of cells treated
with a PKD inhibitor (Fig. 6C).

Finally, we sought to validate our results in an independent
cell line. In agreement with the observations in HEK293T cells,
silencing of DLC1 in U2OS cells reduced basal and nocodazole-
induced PKD phosphorylation (Fig. 6D). The post-Golgi carri-
ers produced by PKD are known to be positive for the small
GTPase RAB6 (20). Whereas RAB6 was dispersed in the control

cells, in cells lacking DLC1, RAB6 accumulated at the Golgi
complex (visualized by GM130 staining), indicative of a traf-
ficking defect (Fig. 6E). Note that the Golgi complex also
appeared more compact in DLC1-depleted cells. Based on these
findings, we conclude that PKD activity at the TGN membranes
and Golgi secretory function are positively regulated by DLC1.

Discussion

Here, we used a combination of experiments on the PKD
regulation network and mathematical modeling of phosphory-
lation dynamics to describe the molecular interactions among
PKD, Rho, and DLC1. Our study reveals a previously unknown
molecular connection between DLC1 and PKD that controls
the basal activation state of PKD at the TGN membranes and
Golgi secretory function. TGN-derived vesicles formed by PKD
deliver cargo to the plasma membrane (2). Cargo is also specif-
ically delivered to focal adhesions (21), cell adhesion sites that
connect the intracellular actin cytoskeleton via integrins with
the extracellular matrix. In many cell types, including the U2OS
cells used in this study, DLC1 localizes to FAs (Fig. S11C) to
which it is recruited via the binding of talin and tensin adaptor
proteins (22). Knockdown of DLC1 causes an increase in actin
stress fibers and FAs, consistent with the elevated Rho signaling
in cells lacking DLC1 (23). The down-regulation of PKD activity
in the absence of DLC1 could thus be the result of a homeostatic
feedback, requiring no further cargo delivery to FAs. It was
recently reported that PKD also localizes to FAs (24), raising the

Figure 5. Negative feedback model 2 is superior in fitting all experimental data. Asterisks indicate renormalized experimental data with normalization
points denoted by diamonds. Error bars represent S.D. A, nocodazole (Noc) induced PKD activation (cf. Fig. 2A). B, pPKD -fold change (cf. Fig. 4A). C, PKD
activation dynamics (cf. Fig. 4B). D, pPKD -fold change (cf. Fig. 4D). E, model plausibility was tested by a bootstrapping approach.
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possibility that DLC1 directly affects this particular PKD pool.
However, using a Golgi-localized PKD reporter, we clearly
show that it is the basal PKD activity at the TGN membranes
that is sensitive to the DLC1 expression levels.

Negative feedback is generally known to stabilize systems,
e.g. by making signaling pathways robust against variations in
total protein concentrations, as demonstrated for extracellular
signal-regulated kinase activity in the mitogen-activated pro-

tein kinase cascade (25). Here, we observed that the DLC1
expression level has a strong influence on basal PKD activity
(Figs. 3 and S10). Similarly, phosphorylated DLC1 is very sen-
sitive to changes in the amount of PKD. Surprisingly, this does
not result in strong negative feedback regulation and robust-
ness of pPKD to variations in total PKD concentrations. Very
small fractions of phosphorylated PKD and DLC1 relative to
the total protein amounts might provide an explanation, remi-

Figure 6. DLC1 depletion impairs protein secretion. A and B, 2 days post-siRNA transfection, HEK293T cells were transfected with the vector encoding the
PKD reporter. A, the next day, cells were lysed, and lysates were analyzed by immunoblotting. The pPKDGolgi reporter signal was normalized to the GFP signal.
Shown are the mean values of two independent experiments. The error bar indicates �S.E. B, the next day, cells were fixed and stained with an antibody
reactive with the phosphorylated reporter. PKD activity at the Golgi was determined by ratiometric imaging of 92 cells from two independent experiments.
Scale bar, 10 �m. ****, p � 0.0001 (two-sample t test). C, Flp-In T-REx 293 FLAG-HRP cells were transfected with the indicated siRNAs. Expression of FLAG-HRP
was induced with doxycycline. The next day, the medium was replaced with serum-free medium containing either kb-NB or DMSO. The supernatant was
collected after 5 h for HRP measurements. Shown are the means with error bars depicting �S.E. *, p � 0.05 (one-sample t test). D, U2OS cells were transfected
with the indicated siRNAs. After 3 days, the cells were treated with nocodazole or DMSO for 10 min and lysed. The lysates were analyzed by immunoblotting
with the indicated antibodies. E, U2OS cells were transfected with the indicated siRNAs. After 3 days, the cells were fixed and stained with antibodies specific
for GM130 and RAB6. The images shown are maximum intensity projections of several confocal sections. Colocalization of GM130 and RAB6 (n � 11; N � 3) was
analyzed with ImageJ. Scale bar, 10 �m. ****, p � 0.0001 (two-sample t test). DAPI, 4�,6-diamidino-2-phenylindole.
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niscent of our previous finding that PKD activity is relatively
insensitive to changes in CERT protein levels (cf. Ref. 26 and
Fig. 5). Although alterations of the PKD protein level result in
considerable -fold changes in DLC1 phosphorylation, the
abundance of unphosphorylated DLC1, which regulates PKD
activity as part of the feedback, appears to buffer the system. If
this is the case, we anticipate that regulation via the feedback is
hardly visible in the dynamics of PKD activity upon nocodazole
stimulation because the -fold change of unphosphorylated
DLC1 is not much affected in this scenario. Consequently,
when comparing the time courses of pPKD in control and
DLC1 siRNA (siDLC1) experiments after stimulation with
nocodazole, we expect that pPKD increases in both scenarios
and that PKD activity in the siDLC1 experiment remains con-
stantly below that of the control experiment, which is in agree-
ment with Fig. 4. Although Rho can activate PKD in response to
stress signals (12, 13), these Rho pools must be spatially distinct
from the one regulated by DLC1, which inactivates PKD. We
have not observed any colocalization of DLC1 with Golgi mark-
ers, but we cannot rule out that DLC1 directly regulates PKD at
the TGN as both RhoA and ROCK have been found at Golgi
membranes (27, 28), and actin remodeling has been associated
with cargo sorting at the TGN (29, 30). Regardless of where
DLC1 exerts its function, PKD at the Golgi membranes appears
to sense the cellular F-actin state whereby secretion is coordi-
nated. A challenge for the future is the identification of the
downstream signaling molecules that link Rho–ROCK with
Golgi-localized PKD. 14-3-3 protein and chaperone p32 bind-
ing were previously reported to decrease PKD activity (31, 32),
but the physiological conditions that engage these regulatory
mechanisms are unknown. 14-3-3 binding is mediated by phos-
phorylation of serines 205/208 (RRLSNVSLT) and serines 219/
223 (IRTSSAELST) within the C1 domain of activated PKD by
a yet unknown upstream kinase. Intriguingly, serines 205 and
219 match the consensus sequence for ROCKs (33), raising the
possibility that ROCK directly phosphorylates and negatively
regulates PKD. In DLC1 knockdown cells, pharmacological
ROCK inhibition only partially rescued the PKD phosphoryla-
tion; thus, other Rho effectors or Rho-independent mecha-
nisms could also be involved in the regulation of PKD and
secretory trafficking. For example, p122RhoGAP, the rat homo-
log of DLC1, was initially identified as a phospholipase C
�1– binding protein that activates its phosphatidylinositol 4,5-
bisphosphate– hydrolyzing activity (34). Thus, DAG produced
by phosphatidylinositol 4,5-bisphosphate hydrolysis may con-
tribute to PKD activation, although a later study failed to dem-
onstrate stimulation of phospholipase C �1 enzyme activity by
human DLC1 (35). DLC1 further comprises a START domain,
which is found in a number of lipid transfer proteins (36). The
lipid ligand for the DLC1 START domain still remains to be
identified. START domain–mediated lipid transfer could be
involved in the modification of the local membrane lipid
composition, or it could provide specific lipid-metabolizing
enzymes with their substrate, thereby contributing to PKD
recruitment and/or activation at the TGN membranes.

In different types of human cancers, the expression of DLC1
is frequently down-regulated due to gene deletion or promoter
hypermethylation (37). Work in cancer cell lines and mouse

models of cancer has revealed a tumor and metastasis suppres-
sor function for DLC1. In cells lacking DLC1, the aberrant Rho
signaling and actin remodeling could lead to the missorting of
cargo at the level of the Golgi, altering the cellular secretome
and the communication of the cancer cells with the microenvi-
ronment. Considering that the different PKD isoforms have
been associated with both oncogenic and tumor-suppressive
functions depending on the tumor context (38), it is tempting to
speculate that DLC1 loss could support neoplastic transforma-
tion in part by dampening PKD activity. Alternatively, elevated
PKD activity could lead to the functional inactivation of DLC1
by phosphorylation and sequestration through 14-3-3 protein
binding. In future studies, it will be of particular interest to
clarify the reciprocal regulation of DLC1 and PKD in cancer
cells of different tissue origin.

Experimental procedures

Antibodies

Primary antibodies used were: mouse mAb anti-DLC1
(#612020) and mouse mAb anti-GM130(#610823, both BD
Biosciences); rabbit pAb anti-PKC� (D20) to detect PKD1 	 2,
rabbit pAb anti-GFP (FL) (sc-8334), and rabbit pAb anti-paxil-
lin (H-114; all Santa Cruz Biotechnology, Dallas, TX); rabbit
pAb anti-phospho-(Ser/Thr) PKD substrate antibody (4381) to
detect pDLC1, rabbit mAb anti-PKD2 (D1A7), rabbit mAb
anti-PKD3 (D57E6), and rabbit pAb anti-RAB6 (D37C7; all Cell
Signaling Technology, Danvers, MA); and mouse antibody anti-
GFP (11814460001, Roche Applied Science). The polyclonal rab-
bit antibodies against PI4KIII� pSer-294 and autophosphorylated
PKD (pSer-910 in human PKD1) were described previously (5, 39).
For immunoblotting, the following secondary antibodies were
used: donkey anti-rabbit IgG and goat anti-mouse IgG coupled to
IRDye 680RD or IRDye 800LW (all LI-COR Biosciences, Lincoln,
NE) and HRP-conjugated sheep anti-mouse IgG and anti-rabbit
IgG (both GE Healthcare). Secondary antibodies used for immu-
nofluorescence were goat anti-mouse IgG and anti-rabbit IgG
coupled to Alexa Fluor 488 or Alexa Fluor 546 (both Thermo
Fisher Scientific, Waltham, MA), respectively.

Plasmids and siRNAs

Vectors encoding ca (Q63L) and dn (T19N) RhoA were gener-
ated from a WT RhoA construct (kindly provided by John Collard
from The Netherlands Cancer Institute, Amsterdam, The Nether-
lands) by a PCR approach using the QuikChange site-directed
mutagenesis system (Stratagene California, La Jolla, CA) accord-
ing to the manufacturer’s instructions. Expression vectors encod-
ing kinase-dead (K612W) and ca (S738E/S742E) PKD1 (PKC�)
were described previously (31). pTriEx-RhoA FLARE.sc Biosensor
WT was a gift from Klaus Hahn (Addgene plasmid 12150). The
Golgi PKD activity reporter was described previously (17). ON-
TARGETplus� nontargeting control SMARTpool siRNA
(D-001810-10, Dharmacon, Lafayette, CO) was used as a negative
control (siNT). siMAX siDLC1 was custom synthesized by MWG
Biotech, Ebersberg, Germany (5�-UUAAGAACCUGGAGGAC-
UATT-3�). Custom designed Silencer� Select human DLC1
siRNAs (siDLC1 number 2, s530697; siDLC1 number 3, s530699)
were from Thermo Fisher.
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Cell culture

HEK293T cells and Flp-In T-REx 293 FLAG-HRP cells were
cultured in RPMI 1640 medium (Thermo Fisher) supple-
mented with 10% fetal calf serum at 37 °C in a humidified atmo-
sphere of 5% CO2. Flp-In T-REx 293 GFP-DLC1 cells and U2OS
cells were grown in Dulbecco’s modified Eagle’s medium
(Thermo Fisher) supplemented with 10% fetal calf serum. Tur-
boFect (Thermo Fisher) was used for plasmid transfections,
and Lipofectamine RNAiMAX (Thermo Fisher) was used for
siRNA transfections. The following reagents were used: doxy-
cycline (10 ng/ml), Gö-6976 (5 �M), H1152 (10 �M), and
nocodazole (10 �M; all from Merck) and kB NB 172-40 (5 �M)
and PDBu (100 nM; Tocris Bioscience, Bristol, UK).

Western blotting

Cells were lysed in NEB extraction buffer (50 mM Tris (pH
7.5), 150 mM NaCl, 1% Nonidet P-40, 1 mM sodium orthovana-
date, 10 mM sodium fluoride, 20 mM �-glycerophosphate, Com-
plete protease inhibitors (Roche Applied Science)), and lysates
were clarified by centrifugation at 16,000 
 g for 10 min. Equal
amounts of protein were loaded onto NuPAGE� 4 –12% Bis-
Tris precast gels (Thermo Fisher) and then blotted onto poly-
vinylidene difluoride membrane using an iBlot device (Thermo
Fisher). Membranes were blocked in 0.5% blocking reagent (Roche
Applied Science) in PBS containing 0.1% Tween 20 for 1 h at room
temperature and incubated with primary antibodies followed by
HRP-conjugated or IRDye-conjugated secondary antibodies, and
visualization was carried out using the enhanced chemilumines-
cence detection system (Thermo Fisher) or an Odyssey device
(LI-COR Biosciences), respectively. Quantification of signals was
carried out with Odyssey imaging software.

Rho biosensor measurements

Cells were transiently transfected with a plasmid encoding
the RhoA FLARE.sc biosensor along with PKD1 expression
vectors. 24 h after transfection, cells were lysed in FRET buffer
(50 mM Tris (pH 7.5), 5 mM �-glycerophosphate, 5 mM sodium
fluoride, 0.5% Triton X-100), and the FRET ratio was measured
in a multiwell plate reader (Tecan, Männedorf, Switzerland).
CFP was excited at 433 nm, and CFP emission was detected at
475 nm. The FRET signal was measured by exciting CFP and
detecting citrine emission at 527 nm. The FRET ratio was cal-
culated by dividing the FRET signal by the CFP signal.

Ratiometric imaging to determine Golgi PKD activity

Ratiometric imaging of the Golgi PKD activity reporter was
carried out as described previously (17). Briefly, HEK293T cells
were seeded on collagen-coated glass coverslips and trans-
fected with siRNAs. After 2 days, cells were transfected with the
vector encoding the Golgi PKD activity reporter. The next day,
cells were fixed with 4% paraformaldehyde, permeabilized with
0.2% Triton X-100, and stained with an antibody reactive with
the phosphorylated reporter and Alexa Fluor 546 –labeled sec-
ondary antibody. Samples were mounted with Fluoromount G
(Southern Biotech, Birmingham, AL) and analyzed with a con-
focal laser-scanning microscope (LSM710, Zeiss, Jena, Ger-
many). EGFP was excited with the 488-nm line of the argon

laser, and emission was detected in the spectral window 496 –
553 nm. Alexa Fluor 546 was excited with the 561-nm line of a
diode-pumped solid-state laser, and emission was detected
from 563 to 621 nm. Laser powers were adjusted to prevent
fluorophore saturation, and identical laser settings were main-
tained throughout the experiment. Maximum intensity projec-
tions of confocal stacks were analyzed with ZEN software (Zeiss).
In reporter-expressing cells, the Golgi region of interest was
defined in the EGFP channel. With the output mean intensity val-
ues, the ratio of Alexa Fluor 546 to EGFP signal was calculated.

Immunofluorescence

U2OS cells were seeded on collagen-coated glass coverslips
and transfected with 10 nM siRNAs. After 3 days, cells were
fixed with 4% paraformaldehyde. Staining and imaging were
carried out as described above. Quantification of colocalization
was carried out with the JaCoP plugin in ImageJ (40).

HRP secretion assay

Three days post-siRNA transfection, Flp-In HEK293 FLAG-
HRP cells were replated into 24-well plates. 6 h after seeding,
FLAG-HRP secretion was induced by doxycycline addition (10
ng/ml). The next day, the medium was replaced by phenol red–
and serum-free medium containing doxycycline and the PKD
inhibitor kb NB 142-70 or DMSO, respectively. The superna-
tant was collected after 5 h for HRP activity detection by addi-
tion of enhanced chemiluminescence reagent and measure-
ment of the chemiluminescence signal using a multiplate
reader (Tecan).

Statistical analysis

Data are shown as mean � S.E.; n refers to the number of
analyzed cells or images, and N refers to the number of inde-
pendent experiments. Statistical significance was analyzed by
the indicated statistical tests (GraphPad Prism version 7.03,
GraphPad Software, La Jolla, CA). p values below 0.05 were
considered as significant (*, p � 0.05; **, p � 0.01; ***, p � 0.001;
****, p � 0.0001).
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5. Hausser, A., Storz, P., Märtens, S., Link, G., Toker, A., and Pfizenmaier, K.
(2005) Protein kinase D regulates vesicular transport by phosphorylation
and activation of phosphatidylinositol-4 kinase III � at the Golgi complex.
Nat. Cell Biol. 7, 880 – 886 CrossRef Medline

6. Gehart, H., Goginashvili, A., Beck, R., Morvan, J., Erbs, E., Formentini, I.,
De Matteis, M. A., Schwab, Y., Wieland, F. T., and Ricci, R. (2012) The
BAR domain protein Arfaptin-1 controls secretory granule biogenesis at
the trans-Golgi network. Dev. Cell 23, 756 –768 CrossRef Medline
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