
690  |  A. Mashukova, R. Forteza, et al.	 Molecular Biology of the Cell

MBoC  |  ARTICLE

The cell polarity kinase Par1b/MARK2 activation 
selects specific NF-kB transcripts via 
phosphorylation of core mediator Med17/
TRAP80

ABSTRACT  Par1b/MARK2 is a Ser/Thr kinase with pleiotropic effects that participates in the 
generation of apico-basal polarity in Caenorhabditis elegans. It is phosphorylated by atypical 
PKC(ι/λ) in Thr595 and inhibited. Because previous work showed a decrease in atypical pro-
tein kinase C (aPKC) activity under proinflammatory conditions, we analyzed the hypothesis 
that the resulting decrease in Thr595-MARK2 with increased kinase activity may also partici-
pate in innate immunity. We confirmed that pT595-MARK2 was decreased under inflamma-
tory stimulation. The increase in MARK2 activity was verified by Par3 delocalization and res-
cue with a specific inhibitor. MARK2 overexpression significantly enhanced the transcriptional 
activity of NF-kB for a subset of transcripts. It also resulted in phosphorylation of a single band 
(∼Mr 80,000) coimmunoprecipitating with RelA, identified as Med17. In vitro phosphorylation 
showed direct phosphorylation of Med17 in Ser152 by recombinant MARK2. Expression of 
S152D-Med17 mimicked the effect of MARK2 activation on downstream transcriptional regu-
lation, which was antagonized by S152A-Med17. The decrease in pThr595 phosphorylation 
was validated in aPKC-deficient mouse jejunal mucosae. The transcriptional effects were con-
firmed in transcriptome analysis and transcript enrichment determinations in cells expressing 
S152D-Med17. We conclude that theMARK2-Med17 axis represents a novel form of cross-
talk between polarity signaling and transcriptional regulation including, but not restricted to, 
innate immunity responses.

INTRODUCTION
The products of genes involved in Caenorhabditis elegans embryo 
partition (Par) (Kemphues et  al., 1988) and polarization (Macara, 
2004) interact among themselves and with other polarity proteins to 
determine apical (luminal) and basolateral polarity in epithelial cells 
and are involved in the asymmetry of other cell types. Emblemati-
cally, the polarity complex aPKC (atypical protein kinase C, PKCι/λ 
and ζ, Par6, and Par3) is localized to the apical side nearby tight 
junctions. aPKC phosphorylates the basolateral determinant Par1b 
(MARK2; microtubule-affinity regulating kinase) in Thr595, a modifi-
cation that inhibits MARK2 activity and releases it from the mem-
brane (Hurov et al., 2004; Suzuki et al., 2004). In turn, Par1b phos-
phorylates Par3 and releases it from the polarity complex. This 
phosphorylation results in Par3 broad cytoplasmic distribution of 
Par3 as opposed to junctional localization (Macara, 2004; Suzuki and 
Ohno, 2006).
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Par1b (MARK2, Emk1) knockout or Par1a (MARK3, hereafter re-
ferred to by their MARK names) knockout mice are viable. MARK3-
deficient animals show metabolic phenotypes with changes in 
adiposity and glucose tolerance (Lennerz et al., 2010). MARK2 null 
mice, in addition, show alterations of hypophyseal hormones 
(Bessone et al., 1999) and immune system dysfunction and inflam-
mation (Hurov et al., 2001). The double knockout mouse is embry-
onic lethal (Lennerz et al., 2010), but to our knowledge, there are no 
published data showing the phenotype leading to embryo death. In 
humans, splice variants of MARK2 were found associated to in-
creased inflammation in renal grafts, but the mechanism remains 
elusive (Hueso et al., 2004). In cancer cells, MARK2 is related to vari-
ous transcriptional pathways including innate immunity NF-kB (nu-
clear factor kappa B [Hubaux et al., 2015]). In MDCK (Madin–Darby 
canine kidney) cells, MARK2 induces the formation of lateral lumens, 
resembling polarity in hepatocytes (Cohen et al., 2004). It phosphor-
ylates microtubule-associated proteins and influences microtubule 
organization (Sato et al., 2013). It also has an effect in liver lipogen-
esis (Kim et al., 2015). Interestingly, it has been shown to regulate 
the Wnt signaling pathway, thus possibly regulating downstream 
transcriptional activity (Elbert et al., 2006). In addition, MARK2 also 
regulates class II histone deacetylases (Dequiedt et  al., 2006). In 
summary, the pleiotropic effects of MARK2 phosphorylations may 
be characterized as cytoplasmic (such as phosphorylation of Par3 or 
microtubules) or genomic (e.g., effects on the Wnt pathway or his-
tone deacetylases). The latter are potentially more consequential to 
the overall cellular behavior, considering that they affect the expres-
sion of a broad range of proteins.

Epithelial polarity and innate immunity have coevolved in meta-
zoans (Gilmore and Wolenski, 2012; Ganot et al., 2015; Salinas-Saa-
vedra et al., 2015). In fact, it is broadly accepted that activation of the 
NF-kB and interferon (IFN) pathways down-regulate lateral junctions, 
cell–cell adhesion, and increases epithelial permeability (Koch and 
Nusrat, 2012; Capaldo et al., 2014; Garcia-Hernandez et al., 2017). 
These effects are, to a large extent, caused by expression of myosin 
light chain kinase (MLCK) under NF-kB transcriptional regulation (Ca-
paldo and Nusrat, 2009; Lorentz et al., 2017; Nighot et al., 2019). 
Our lab made the intriguing observation that under NF-kB/IFN stim-
ulation by extracellular TNFα (tumor necrosis factor) and IFNγ, intes-
tinal epithelial cells posttranslationally down-regulate aPKC (Mashu-
kova et al., 2011; Forteza et al., 2016). This effect was observed in a 
model of intestinal inflammation in mice (Mashukova et al., 2009) as 
well as in inflammatory bowel disease patients by us (Wald et al., 
2011) and others (Nakanishi et  al., 2018). The next question was 
whether there is an effect of inflammation-driven aPKC down-regula-
tion in intestinal epithelial cells. Using conditional ablation of PKCι/λ 
in the intestinal epithelium (Prkciflox/flox x Villin-CRE) in independently 
derived animal models, we and others showed that loss of function 
of aPKC in epithelia results in chronic intestinal inflammation (Calc-
agno et al., 2011; Forteza et al., 2016), mediated by a Th17 response 
(Nakanishi et al., 2018). Intriguingly, and in apparent contradiction 
with an extensive body of literature in tissue culture cells and model 
organisms, the PKCι/λ conditional knockout phenotype does not 
show major loss of epithelial polarity in the intestine (Forteza et al., 
2016). Likewise, the double conditional knockout model (Prkciflox/flox, 
Prkcz flox/flox x Villin-CRE) shows increased tumorigenesis, but no func-
tional changes in the intestine were reported (Nakanishi et al., 2018). 
This is puzzling because animal models known to affect apical epi-
thelial polarity such as the Myo5b knockout die of a massive diarrhea 
within hours after birth (Cartón-García et al., 2015) or show clear tran-
sepithelial transport defects related to the defect in polarized mem-
brane proteins such as diarrhea or malaborption (Xue et al., 2020).

Overall, these results point to the possibility that aPKC in intesti-
nal epithelial cells plays substantial anti-inflammatory roles. The 
molecular mechanisms regulating innate immunity downstream of 
aPKC, however, remain unclear. We showed that the Prkci condi-
tional knockout mice display increased NF-kB activity mediated by 
the loss of aPKC-mediated phosphorylation of ROCK and nuclear 
translocation of RelA (Forteza et al., 2016). In culture, this mechanism 
is cell autonomous (Forteza et al., 2013). However, in vivo, it is en-
hanced by the intestinal microbiome (Nakanishi et al., 2018). Consid-
ering the proinflammatory effects of MARK2 ablation (Hurov et al., 
2001; DiBona et al., 2019) and its inhibition by aPKC, we hypothe-
sized that MARK2 may be also involved in innate immunity (NF-kB) 
transcriptional effects when up-regulated downstream of aPKC.

NF-kB proteins such as RelA(p65) and p50 form complexes with 
IkBα in the cytoplasm.  After NF-kB proteins translocate to the nu-
cleus, they form different complexes with other transcriptional co-
factors such as, for example, the Mediator complex (Nozawa et al., 
2017; Soutourina, 2019), Stat1, and Stat2 (reviewed in Platanitis and 
Decker, 2018) which modulate NF-kB transcriptional activity, estab-
lish cross-talk with other innate immunity pathways, or select sub-
sets of the NF-kB–activated transcripts. A practical consequence of 
these interactions is that many partners coimmunoprecipitate with 
NF-kB proteins (van Essen et al., 2009). In fact, association of NF-kB 
p65 (hereafter referred to as RelA) with Mediator complex proteins, 
especially with the Med17 (TRAP80) subunit, has been extensively 
reported (Naar et al., 1999; Park et al., 2003; Owen et al., 2005; van 
Essen et al., 2009). There is a growing body of evidence indicating 
that epithelial cells participate in the control of inflammatory pro-
cesses by secretion of cytokines, beyond their passive barrier func-
tion, illustrated by the epithelial-specific IL-10 conditional knockout 
mice that show intestinal inflammation (Olszak et al., 2014). The in-
teractions between epithelial cell polarity signaling and innate im-
munity are expected to shed light on the understanding of this un-
derrecognized role of epithelia in organ inflammation.

RESULTS
MARK2 activity increases under TNFα stimulation
Because inflammatory signals posttranslationally down-regulate 
aPKC in vivo and in culture intestinal epithelial cells (Mashukova 
et al., 2011; Forteza et al., 2016; Nakanishi et al., 2018), we first ana-
lyzed the phosphorylation status of MARK2 in cells stimulated with 
TNFα. Thr595 is the aPKC phosphorylation target in MARK2 (Suzuki 
et al., 2004). After confirming PKCι down-regulation, we found that, 
indeed, pT595-MARK2 was consistently decreased in Caco-2 cells 
stimulated with TNFα while total MARK2 remained unchanged 
(Figure 1A). Densitometry of three experiments showed a 59% de-
crease in pT595-MARK2 normalized to total MARK2 (Figure 1B). 
The decrease in pT595-MARK2 signal was also verified by immuno-
fluorescence (Figure 1C, red signal). Because pT595 is inhibitory for 
MARK2 activity (Watkins et al., 2008), the loss or decrease of this 
phosphorylation is expected to increase MARK2 activity.

We verified that MARK2 activity was increased by delocalization 
of Par3 (Suzuki and Ohno, 2006) in TNFα-stimulated cells. To further 
test the specific involvement of MARK2, we rescued the effect of 
TNFα on Par3 by incubating the cells in a specific MARK inhibitor 
(39621) for the last 4 h of TNFα stimulation. (Supplemental Figure 
1A). Also, we wanted to verify that MARK2 is still active under proin-
flammatory stimulation, as opposed to totally dephosphorylated. 
We determined that, pT208-MARK, the activation site phosphory-
lated by STK11(LKB1, serine-threonine kinase 11), was not de-
creased under TNFα stimulation (Supplemental Figure 1B). In sum-
mary, we concluded that TNFα stimulation decreases phosphorylation 
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in the MARK inhibitory (pT595) site without 
decreasing phosphorylation in the activation 
site (pT208), thus up-regulating MARK 
activity.

Then, we hypothesized that overexpres-
sion of MARK2 (oe) would mimic increased 
activity and, thus, the effect of TNFα stimu-
lation. To that end, the cells were trans-
duced with lentiviral particles expressing 
human MARK2 and selected. As controls we 
used green fluorescent protein (GFP)-ex-
pressing lentivirus or empty vector lentivirus 
(mock transduction). These negative con-
trols were preferred over kinase-dead 
MARK2 expression, which has been shown 
to display increased binding to substrates, 
thus masking normal interactions of the wt 
form (Matenia et  al., 2012). Increased ex-
pression was verified by immunoblot after 
all transductions (Figure 1D) and by immu-
nofluorescence (Figure 1E). In mock trans-
duced cells, endogenous MARK2 was pri-
marily localized to the lateral membranes. 
Cells overexpressing MARK2 showed the 
same lateral membrane distribution of the 
kinase as in control cells, with additional cy-
toplasmic localization (Figure 1E). To assess 
whether the MARK2 overexpression was 
functional, we verified delocalization of Par3 
(Suzuki and Ohno, 2006). As expected, cells 
overexpressing MARK2 showed Par3 signal 
broadly distributed in the cytoplasm (Figure 
1F). In other words, MARK2 overexpression 
mimicked the TNFα stimulation effect on 
Par3, which could be rescued by a specific 
MARK inhibitor (Supplemental Figure 1A). It 
is worth noting that TNFα stimulation also 
delocalized active MARK2 from the basolat-
eral membrane and induced nuclear local-
ization in some cells (Figure 1C; Supplemen-
tal Figure 1B, *).

MARK2 overexpression was quantified at 
the protein level (Figure 2A) and at the 
mRNA level (Figure 2B) and compared with 
endogenous MARK2 in control cells trans-
duced with the same lentiviral construct, ex-
pressing GFP under the same selection anti-
biotic. Both determinations showed 
moderate levels of overexpression, in the 
3.5–5-fold range. To test the hypothesis 
that, like other components of apico-basal 
polarity signaling, MARK2 modulates NF-kB 
transcriptional activity, we used the same 
GFP- (control) and MARK2-expressing cells 

FIGURE 1:  Lentivirus-mediated expression of MARK2 mimics innate immunity activation for 
Par3 distribution. (A) Caco-2 cells grown on filters at confluency for 10 d were stimulated with 
20 ng/ml TNFα or vehicle (cont) from the basolateral chamber. Atypical-PKC–mediated 
phosphorylation of MARK2 in T595 was monitored with a specific antibody. (B) Densitometry 
analysis of pT595 MARK2/MARK2 in three experiments. * p < 0.02. (C) In similar experiments, 
the cells were analyzed by immunofluorescence with anti-pThr595 MARK2 antibody (red). Bar, 
10 µm. (D) Caco-2 cells were transduced with replication-defective lentiviral particles expressing 
GFP (control) or MARK2 and selected with puromycin. Cells confluent for 10 d were analyzed by 

immunoblot. (E, F) In similar experiments, 
cells grown on filters were fixed and 
processed for immunofluorescence using 
antibodies against (E) MARK2 or (F) anti-Par3. 
Bars, D, 30 µm; E, 20 µm.
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with and without TNFα stimulation. We determined the expression 
of three mRNAs regulated by NF-kB: IL-8(CXCL8), CXCL1, and 
CXCL2. In control cells, the expression of all three of them signifi-
cantly increased by TNFα stimulation, a positive control for the as-
say (Figure 2C). The response to TNFα was significantly enhanced in 
MARK2-expressing cells for IL-8 and CXCL1 (approximately fourold 
over GFP cells stimulated with TNFα), but not for CXCL2 (Figure 
2C). These results are consistent with a synergistic effect of MARK2 
increased activity on NF-kB–dependent transcription. Conversely, 
the lack of response in CXCL2 transcription was puzzling and is ana-
lyzed below.

Because transcriptional responses in the NF-kB pathway require 
nuclear translocation, we analyzed whether MARK2 overexpression 
affects RelA subcellular localization. In control (GFP-expressing) cells 
and MARK2-overexpressing cells RelA remained excluded from the 
nucleus (Figure 3), which is consistent with lack of transcriptional 
activation of NF-kB reporters in the absence of TNFα stimulation 
(Figure 2C). In addition, these results confirm that the Caco-2 cells 
naturally display low basal levels of NF-kB stimulation (Forteza et al., 
2013). In contrast, TNFα stimulation resulted in RelA nuclear trans-
location, which was abolished by an IKK inhibitor (Figure 2A, red 
channel). The difference between RelA translocation in stimulated 
control (GFP) and MARK2-expressing cells was not significant 
(Figure 3, A and B). Altogether, these results suggest that increased 

FIGURE 2:  MARK2 expression results in enhancement of the NF-kB transcriptional response of 
IL-8 and CXCL1, but not CXCL2 to TNFα. (A) Densitometric quantification of MARK2 protein 
expression in five independent experiments like those shown in Figure 1C, *p < 0.01. (B) Fold 
change in MARK2 mRNA expression determined by RT-qPCR in cells expressing GFP (control) or 
MARK2. Fold change is not a Gaussian variable; therefore, error bars are not graphed. 
Significance was calculated using a t test on ΔΔCT values. N = 4, p < 0.01. (C) Fold change in 
IL-8, CXCL1, and CXCL2 mRNA expression was determined by RT-qPCR in cells expressing GFP 
(control) or MARK2. IL-8. Statistical significance was determined using a t test on ΔΔCT values. 
n = 7, *p < 0.025; CXCL1, n = 5, p < 0.04; CXCL2, n = 5, NS, not significant.

MARK2 activity does not result in changes in 
NF-kB nuclear translocation. This is a critical 
difference with the down-regulation of 
aPKC, which results in NF-kB nuclear trans-
location (Forteza et al., 2016). Likewise, an 
effective knockdown of MARK2 with two dif-
ferent lentivirus-delivered short hairpin 
RNAs (shRNAs; termed 81 and 83; Supple-
mental Figure 2A) did not affect IL-8 mRNA 
transcription (Supplemental Figure 2B). 
These data further support the notion that 
MARK2 increased activity wields transcrip-
tional effects downstream of canonical NF-
kB activation, but is not directly involved in 
NF-kB regulation.

MARK2 phosphorylates Ser152-Med17 
in complexes with RelA(p65)
To study the molecular mechanism of action 
of activated MARK2, we considered the 
possibility that MARK2 may directly associ-
ate with NF-kB complexes and phosphory-
late one or more of the NF-kB proteins or 
proteins associated with the complex. To 
test this idea, extracts from GFP- or MARK2-
expressing cells were immunoprecipitated 
with anti-RelA antibodies. We found that 
MARK2 coimmunoprecipitates with NF-kB 
complexes only in MARK2-overexpressing 
cells (Figure 4A, second to last lane). Be-
cause MARK2 target phosphorylation sites 
generate 14-3-3 binding sites (Lin et  al., 
2009; Johnson et  al., 2010), we analyzed 
the same immunoprecipitates with an anti-
pan 14-3-3 antibody. Consistent with 
MARK2-dependent phosphorylations in the 
NF-kB protein complexes, we found 14-3-3 
coimmunoprecipitation with RelA only in 

MARK2-overexpressing cells (Figure 4A, IP, RelA, second to last 
lane). If MARK2 and 14-3-3 proteins become physically associated 
with NF-kB protein complexes, we reasoned that some proteins in 
the complex should be phosphorylated. To test this idea, we im-
munoprecipitated cell extracts from cells expressing GFP (control) 
or MARK2 with NF-kB RelA antibody. The immunoprecipitates were 
then blotted and incubated with recombinant His-tagged 14-3-3 
proteins (a mixture of equal amounts of the α, β, δ, ζ, ε, η isoforms). 
Then, the membranes were developed with an anti–His tag anti-
body in a far-Western blot. Only one band of approximately Mr 
80,000 was identified in the NF-kB complexes as a 14-3-3 partner in 
MARK2-expressing cells (Figure 4B). A search of all proteins coim-
munoprecipitating with RelA revealed that the only known partners 
of NF-kB protein complexes in that Mr range are components of the 
Mediator complex, Med15, Med17, and Med25 (Owen et al., 2005). 
Of these proteins only Med17 (TRAP80, CRSP6, CRSP77, DRIP80, 
SRB4, NP_004259.3) showed much higher scores in the proteomic 
analysis in two different cell lines (Owen et al., 2005). Accordingly, 
we tested the possibility that Med17 was associated with RelA in 
our system. In the same blots, we found that Med17 coimmunopre-
cipitates with RelA in extracts from both MARK2- and GFP- express-
ing cells (Figure 4B). Then, we asked whether Med17 is directly 
phosphorylated by MARK2. Cell extracts from nontransduced cells 
were immunoprecipitated with RelA antibody. After the washes, the 
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immunoprecipitates still attached to the beads were incubated in 
the presence or absence of ATP with purified, recombinant, active 
MARK2. Supernatants (SN) and bead eluates (pellet) were blotted. 

To identify MARK2 phosphorylation targets the blots were overlaid 
with His-tagged 14-3-3 proteins and analyzed by far-Western blot 
as in Figure 4B. Consistent with the experiments in Figure 4B, only 
one 80,000 band binding to 14-3-3 in a far-Western blot coimmuno-
precipitated with RelA under phosphorylation conditions 
(MARK2+ATP, Figure 4C). In parallel blots, we found that under non-
phosphorylation conditions (–ATP) Med17 was fully associated to 
the immunoprecipitate (pellet) (Figure 4C). Therefore, the 80,000 
Mr band is directly phosphorylated by MARK2 in vitro.

To further corroborate that Med17 is a phosphorylation target of 
MARK2, we conducted in vitro phosphorylation of recombinant 
Med17 with MARK2 in the presence or absence of ATP and ana-
lyzed the results by mass spectrometry. Only the Ser152-Med17 site 
was found differentially phosphorylated (Figure 4D). This was unex-
pected because it is not the potential 14-3-3 site predicted with the 
highest score (http://www.compbio.dundee.ac.uk/1433pred) in 
Med17 and lacks the Gly residue in the MARK2 consensus sequence 
(KXGS [Drewes et al., 1997]). On the basis of the mass spectrometry 
data, we decided to validate the Ser152 phosphorylation site by 
expressing HA-tagged S152A- and S152D-Med17 mutants, along 
with the wild-type (wt) form. The mutants were expressed using len-
tiviral vectors and antibiotic selection. All three of them were found 
at the 80,000 Mr range by HA-tag blot and were expressed at simi-
lar levels (Figure 4E). It must be noted that the cells expressing 
S152D-Med17 reached confluency at a slower pace and had to be 
seeded at higher densities to synchronize them with the other cul-
tures for confluence. All the experiments that follow were performed 
under similar confluency conditions for the two mutants and the wt 
protein. Even though these cell lines were stable transductions, the 
S152D cells lost their Med17 mutant expression within a few pas-
sages. Accordingly, all the experiments reported below used cells 
within the first five passages after lentiviral transduction. Wt HA-
Med17 and the S152A-Med17 mutant coimmunoprecipitated with 
RelA (Figure 4E) mimicking nonphorphorylated endogenous protein 
(Figure 4C).

We analyzed the subcellular distribution of HA-tagged wt Med17 
and Ser152 mutants to make sure that they display nuclear localiza-
tion, a necessary condition to exert transcriptional regulation. By HA 
signal immunofluorescence, we found that most cells in the culture 
expressed similar levels of HA signal at few passages (<5) after trans-
duction (Figure 5). Both mutants and the wt protein showed nuclear 
localization as expected. The S152A mutant, however, showed also 
cytoplasmic distribution in stark contrast with the phosphomimetic 
mutant which was strictly nuclear (Figure 5A). This is consistent with 
coimmunoprecipitation of the nonphosphorylated Med17 with RelA 
(Figure 4) possibly in cytoplasmic complexes. Conversely, the phos-
phomimetic mutant was only nuclear, suggesting that it may form 
complexes with transcriptional regulators (Figure 5A). Endogenous 
Med17 was concentrated in nuclei but also present in the cytoplasm 
(Figure 5B).

Expression of Med17 and S152D-Med17 mimic MARK2 
overexpression effects on NF-kB–regulated transcription
To establish the functional role of Med17 S152 phosphorylation, we 
wanted to determine whether expression of wt Med17 and the 
Ser152 mutants mimic MARK2 overexpression at the level of tran-
scriptional regulation of NF-kB–dependent transcripts. To that end, 
two transcripts regulated by the Mediator complex (Chen et  al., 
2017), IL-8 and CXCL1, and one Med17-independent transcript, 
CXCL2 (van Essen et al., 2009) were assayed under two experimental 
conditions: 1i) coexpression with MARK2 and 2) external stimulation 
with TNFα. Expression of wt Med17, S152A, or S152D mutants alone 

FIGURE 3:  RelA-p65 nuclear translocation and MARK2 expression and 
nuclear localization are independent. (A) Localization of RelA-p65 (red) 
and DAPI (blue) changes in Caco-2 cells expressing GFP or MARK2 
was determined by confocal microscopy in cells stimulated overnight 
(+) or not (–) with TNFα from the basolateral side. Some of the MARK2-
expressing TNFα-stimulated cells were treated with 0.5 µM PS1145 
(IKK inhibitor) along with TNFα. GFP expression marked the control 
cells. Bar, 20 µm. (B) Ratios of RelA fluorescence pixel value were 
calculated in pairs of regions of interest in cell and cytoplasm for each 
cell. These regions of interest were localized on nucleus or cytoplasm 
using the DAPI channel, blinded from the RelA signal channel. 
Averages in nucleus and cytoplasm are shown for GFP-expressing cells 
(control, 35 cells); GFP+TNFα (33 cells); MARK2-expressing cells 
(54 cells); MARK2+TNFα (58 cells); and MARK2+TNFα+IKK inh 
(35 cells) in images from three independent experiments. For graphical 
purposes, SDs are shown. A Kruskal–Wallis test was performed to 
determine significance. *p < 0.005; NS, not significant.



Volume 32  April 15, 2021	 Polarity kinase Par1b in innate immunity  |  695 

had no significant effect on the expression of any of the three re-
porter mRNAs. Coexpression of wt Med17 and MARK2 resulted in a 
significant fivefold increase for IL-8 mRNA, but not CXCL1 or CXCL2, 
which was abolished in cells expressing the nonphosphorylatable 
Med17 mutant (Figure 6). In the presence of TNFα, however, expres-
sion of wt Med17 resulted in a significant twofold increase in IL-8 
mRNA over the level of TNFα−stimulated GFP-expressing Caco-2 
cells (Figure 6). This result mimics the synergy of MARK2 expression 
with canonical NF-kB stimulation (Figure 2). As in the case of MARK2 
expression, this phenomenon was not observed for CXCL2 mRNA 
expression. The levels of IL-8 and CXCL1 mRNA expression under 
TNFα stimulation in the presence of S152A Med17 were indistin-
guishable from the expression in stimulated GFP Caco-2 cells and 
significantly lower than in cells expressing the phosphomimetic mu-
tant. That is, the synergy between Med17 expression and TNFα 
stimulation was abolished by the nonphosphorylatable mutant.

These results are consistent with a role of Med17 S152 phos-
phorylation in the regulation of NF-kB transcriptional function 
downstream of canonical activation of NF-kB. In other words, 

pSer152-Med17 enhances transcription of IL-8 and CXCL1 after NF-
kB has translocated to the nucleus. Conversely, the lack of response 
of CXCL2 mRNA transcription enhancement with both MARK2 over-
expression (Figure 2) and Med17 (Figure 6) may be explained by the 
fact that CXCL2 belongs to a category of NF-kB–regulated tran-
scripts that is independent of Med17 (van Essen et al., 2009).

Atypical PKCλ/ι knockout induces changes in Med17-
dependent transcripts in vivo
Previous data suggest a model in which increased MARK2 activity 
arising from proinflammatory signals results in phosphorylation of 
S152-Med17. These results were observed on targeted transcripts 
dependent of Med17 and NF-kB. To test the predictions of this 
model in vivo, we used a tissue-specific (villin-CRE) Prkciflox/flox 
knockout model that lacks aPKC in the intestinal villus epithelium 
(Forteza et al., 2016). This is because the other aPKC isoform, PKCζ, 
is not expressed in villi. These mice develop spontaneous chronic 
intestinal inflammation via NF-kB (Forteza et al., 2016) enhanced by 
the microbiome (Nakanishi et al., 2018).

FIGURE 4:  MARK2 phosphorylates core Mediator component Med17 in NF-kB complexes. (A) MARK2 and 14-3-3 
coimmunoprecipitated with RelA in extracts from Caco-2 cells overexpressing MARK2 but not in controls expressing 
GFP. Nonimmune rabbit IgG was used as a negative control for immunoprecipitation. The supernatant after 
immunoprecipitation (SN) and the eluate from beads (IP) were analyzed by immunoblot. (B) In similar experiments, 
immunoprecipitates from GFP- or MARK2- expressing cells were blotted and overlaid with His-tagged recombinant 
14-3-3 proteins (α, β, δ, ζ, ε, η). The blots were then analyzed by anti–His tag antibody in “far-Western” mode. Parallel 
blots were analyzed with anti-Med17 and RelA antibodies. (C) Nontransduced cell extracts were immunoprecipitated 
with anti-RelA antibodies (or IgG) and exposed to recombinant active MARK2 in the presence or absence of 1 mM ATP 
before eluting the protein G beads. After incubation, the supernatant (SN) and the eluates of the beads (pellet) were 
electrophoresed and blotted. The blots were overlaid with His-tagged recombinant 14-3-3 proteins and then developed 
with anti–His tag antibody (far-Western blot) as in B. Parallel blots of in vitro phosphorylated RelA immunoprecipitates 
were immunoblotted with anti-Med17 antibody. Localization of Mr standards is ×103. (D) Mass spectrometry profile of 
pSer152, which was the only Med17 site phosphorylated by recombinant MARK2 detected. Result is representative of 
three experiments. (E) Cells transduced with lentiviral particles and selected express similar amounts of HA-tagged wt 
Med17 and S152A and S152D mutants, NT, nontransduced Caco-2 cells. Cell extracts from these stable cell lines were 
immunoprecipitated with RelA and immunoblotted with anti-HA or RelA antibodies
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FIGURE 5:  Ser152-Med17 mutants display differences in cytoplasmic localization. (A) Caco-2 cells were transduced with 
HA-tagged wt-, S152A-, and S152D-Med17 or nontransduced (NT). Low-passage cultures (fewer than five passages 
after transduction) were grown on filters at confluency for 10 d, fixed, and processed with anti–HA tag antibody (top 
panels; red in bottom panels) and DAPI. (B) Nontransduced cells were processed with either anti-Med17 antibody or 
isotype control. Scale bars, 20 µm.

FIGURE 6:  Med17 modulation of NF-kB signaling is regulated by Ser152-Med17 mutants. Caco-2 cells were transduced 
with lentivirus expressing wild-type Med17 (wt), S152A-Med17, S152DMed17, or GFP(control) and selected. Some cells 
were double-transduced with MARK2 and wt Med17 or S152D-Med17, under double selection. GFP-expressing cells 
and cells expressing wt Med17 and the S152 mutants were also stimulated with 20 ng/ml TNFα. Expression of IL-8, 
CXCL1, and CXCL2 mRNAs was analyzed by qPCR. For graphical purposes fold change (2 ΔΔCt) as compared with GFP 
nonstimulated Caco-2 cells is shown as average. SDs are not shown because fold change is not Gaussian. For statistical 
significance, a t test (comparisons between pairs of data) or analysis of variance for multiple treatments was applied on 
ΔΔCT values. *p < 0.03, n = 7.
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As shown before (Forteza et al., 2016), aPKC in the active confor-
mation (pT555-aPKC) signal was restricted to the vicinity of tight 
junctions in villus enterocytes in control animals (Figure 7A, arrows) 
but absent altogether in Prkciflox/flox x Vill-CRE (KO) cells (Figure 7B). 
Because the sequence around this phospho site is identical in PKCζ 
and ι/λ, the antibody reports on both isoforms of aPKC. In parallel 

sections, shown at lower magnification, we stained for pT595-
MARK2. As expected, the signal was decreased in the aPKC-defi-
cient villus cells (Figure 7, C vs. D). The same result was verified by 
immunoblot of duodenal mucosal extracts (Figure 7E). Comparative 
densitometry of blots from Prkciflox/flox (c) or Prkciflox/flox x Vill-CRE 
normalizing pT595-MARK2 signal to total MARK2 signal showed a 
significant fourfold decrease in Thr595-MARK2 phosphorylation in 
the knockout mice (Figure 7F).

We conclude that in aPKC-deficient enterocytes, MARK2 is func-
tionally up-regulated by a decrease in pT595 phosphorylation, 
which changes to a similar extent as in Caco-2 cells stimulated with 
TNFα (Figure 1B).

Functional implications of changes in the transcriptome 
induced by Prkci deficiency in mouse enterocytes and 
S152D-Med17 mutant expression in Caco-2 cells
To identify the range of the effects of Ser152-Med17 phosphoryla-
tion, we transduced Caco-2 cells with S152D-Med17 or S153A-
Med17 and compared the transcriptomes under TNFα stimulation. 
We found 115 transcripts significantly changed, in most cases up-
regulated. Only two transcripts were down-regulated (VCAN, a 
chondroitin sulfate proteoglycan; and ZNF765-ZNF761, a transcrip-
tional regulator) (Figure 7, G and H, pink). A similar study was con-
ducted comparing mRNA extracts from duodenal mucosae of Prkci-
flox/flox x Vill-CRE conditional knockout mice with Prkciflox/flox controls. 
In this case, we found 970 transcripts significantly up-regulated 
(Figure 7H, green). Importantly, we verified that at least 12 of the 
transcripts up-regulated in the Prkci conditional knockout mucosae 
were up-regulated by expression of S152D-Med17 (Figure 7H). Of 
these, eight are directly involved in innate immunity responses 
(Table 1, bold lettering). Moreover, three genes that control inter-
feron pathways (DDX60, IFI44L, TMEM173/STING) were found in 
this set of genes. Five genes were identified in transcription control 
databases as induced by NF-kB and one by the IFN signaling (Table 
1). Because these experiments were conducted on TNFα-stimulated 
cells, the NF-kB–dependent genes were synergistically up-regu-
lated by S152D-Med17 above the maximum expression due to NF-
kB. Unfortunately, CXCL8 and CXCL1 transcripts identified with 
quantitative polymerase chain reaction (qPCR) were below the de-
tection sensitivity of RNAseq. However, they have been reported by 
other groups (Sturm et al., 2005) in the same cells, so we conclude 
that at least seven transcripts are synergistically up-regulated by 
pSer152-Med17.

To better understand the biological implications of the PKCι 
knockout and the S152D-Med17 phosphorylation, we analyzed the 
gene ontology (GO) of both sets of transcripts. PKCι-deficient en-
terocytes, as expected, showed significant enrichment in transcripts 
related to several functions of innate immunity, cytokine expression, 
and response to bacteria (Supplemental Table 2). The S152D-
Med17–induced transcripts, however, showed significant enrich-
ment only for antiviral responses (p = 4 × 10–6, q = 3.2 × 10–2; Supple-
mental Table 2). We conclude that the MARK2–Med17 axis controls 
a specific subset of genes regulated during the innate immunity re-
sponse in epithelial cells. Not surprisingly, other unrelated gene 
transcripts were also up-regulated by Med17 expression. Their func-
tional significance remains to be determined.

DISCUSSION
In this work, we analyzed the hypothesis that a mild increase in 
MARK2 activity resulting from aPKC down-regulation or proinflam-
matory signaling is involved in the control of innate immunity path-
ways. We found that, indeed, there is a decrease in pThr595-MARK2 

FIGURE 7:  PKCι/λ knockout mice show pT595-MARK2 down-
regulation and changes in the Med17-dependent transcriptome. 
(A) Prkciflox/flox duodenal villus epithelial cells (as a control for KO) were 
stained with anti-aPKC pT555 antibody. Arrows show apical 
localization of aPKC(i/l and z). (B) Prkciflox/flox x Vill-CRE villus cells were 
stained with the same antibody. Bar, 10 µm. Duodenal villi of 
(C) Prkciflox/flox and (D) Prkciflox/flox x Vill-CRE jejunum sections were 
stained with anti-MARK2 pT595 antibody. Villi are shown. Bar, 20 µm. 
(E) Extracts of duodenal mucosae from Prkciflox/flox x Vill-CRE (lanes 
1–3, KO) and Prkciflox/flox (lanes 4–6, control) mice were probed by 
immunoblot. (F) Densitometric analysis of the ratios of signals 
pT595-MARK2/MARK2 were normalized to the highest value in the 
control group. Box-and-whisker plot is shown. Both groups were 
statistically different, Kruskal–Wallis test p < 0.001 (n = 5). (G) RNAseq 
heatmap generated from gene expression induced by transduction 
with S152D-Med17 as compared with S152A-Med17–expressing cells 
in the presence of 10 ng/ml TNFα (n = 3 pairs, p < 0.03, counts >10). 
CXCL1 and –8 transcripts appeared below 10 counts each and were 
not included. (H) Venn diagrams of the set of transcripts described in 
G (pink), and transcripts showing significant changes of mRNA 
expression in Prkciflox/flox x Vill-CRE jejunum mucosae as compared 
with Prkciflox/flox (n = 3 pairs, p < 0.005) (green).
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in cultured intestinal cells under TNFα stimulation, as well as in 
PKCι/λ-deficient enterocytes in vivo. A fourfold overexpression of 
MARK2 did not modify NF-kB nuclear translocation or result in 
increased NF-kB transcriptional activity per se, but significantly en-
hanced the transcriptional response to NF-kB canonical activation of 
two out of three NF-kB–dependent cytokines. While we have not 
directly tested TLR4, it is reasonable to speculate that it may exert 
the same type of stimulation in vivo as TNFR does in culture, be-
cause they share the same downstream effects on canonical NF-kB 
stimulation (Yang et al., 2020). Therefore, the experimental use of 
TNFα as an activator of the canonical NF-kB pathway in this work 
seems commensurate with the in vivo effect of the microbiome. 
CXCL2, a cytokine gene that does not require Med17 for transcrip-
tion, was the exception. The major difference of PKCι/λ knockout 
with MARK2 overexpression is that the former activates NF-kB nu-
clear translocation via ROCK and, accordingly, also induces CXCL2 
transcription, even in the absence of TNFα signaling (Forteza et al., 
2016). Thus, the data suggest two parallel, possibly synergistic path-
ways downstream of aPKC loss of function: one mediated by ROCK 
acting on the canonical NF-kB activation reported before (Forteza 
et al., 2016), and the other described here, which is mediated by 
MARK2 acting via Med17 on a subset of NF-kB–dependent tran-
scripts. The two-parallel-pathways model was supported by tran-
scriptome analysis. Not only was the number of transcripts up-regu-
lated in aPKC-deficient intestinal epithelia roughly ninefold the 
number up-regulated by Med17 overexpression, the enrichment in 
subsets of transcripts with a defined ontology was also different.

The phenotype of MARK2 overexpression described here is also 
like that of Par3 knockdown described before, which could be res-
cued by expression of active PKCι (Forteza et al., 2013). The only 
difference between Par3 knockdown and MARK2 overexpression is 
that the former resulted in RelA nuclear translocation. We speculate 
that Par3 knockdown may have acted through aPKC, thus activating 
the two parallel pathways, while MARK2 overexpression is down-
stream of aPKC.

We first identified a MARK2 target by 14-3-3 coimmunoprecipi-
tation with NF-kB RelA protein complexes. However, the Med17 
interaction with NF-kB is possibly one among several effects down-
stream of aPKC, as indicated by transcriptomics data. It is worth 
noticing that the RNAseq studies have two confounding factors: 1) 

The mRNAs isolated from mouse mucosae did show some contami-
nation with underlying mesenchymal cells. Because aPKC deficiency 
in enterocytes is known to result in macrophage recruitment to the 
lamina propria (Nakanishi et al., 2018), the overall changes in the 
transcriptome may include mRNAs from immune cells. Accordingly, 
the transcripts also expressed in Caco-2 cells provide a good sam-
pling of the cell-autonomous effects in the epithelium. 2) The ex-
pression levels of some critical mRNAs in Caco-2 cells were very low. 
That was the case of CXCL1 and CXCL2. Both transcripts showed 
fewer than 10 counts and could not be used for the RNAseq analy-
ses. This is despite expression of both transcripts and the corre-
sponding proteins has been documented in Caco-2 cells for many 
years (Yang et al., 1997). In fact, we could easily detect CXCL tran-
scripts by qPCR. This sensitivity caveat leaves open a possibility that 
there may be more transcripts regulated by 152Ser-Med17 phos-
phorylation that were not detected in this study. Even bearing that 
in mind, we conclude that MARK2 up-regulation–Med17 phosphor-
ylation is a novel signaling pathway conveying information from the 
cell surface directly to transcriptional regulation. Some of the tran-
scripts are under NF-kB activation, and the Med17 effect is synergis-
tic with innate immunity signals. For example, IL-8/CXCL8, CXCL1, 
and Rantes (Table 1) are all chemoattractants for macrophages Ad-
ditional studies may be necessary to determine the physiological 
role of the transcripts up-regulated by pSer152-Med17, which are 
not dependent on aPKC. It is conceivable that other kinases may 
phosphorylate the same site under different conditions. Some of 
these transcripts may be important in the multiple pleiotropic ef-
fects of MARK2, which exceed the focus of this study.

A large body of published evidence in epithelial cell polarity in-
terprets the results of Par (partition defective) protein manipulations 
as cytoplasmic, “local” to the cell cortex. However, the field has 
largely not explored hypotheses involving innate immunity effects 
of polarity signaling or additional transcriptional effects downstream 
of aPKC or MARK2. For example, the Par1b/MARK2-deficient C. 
elegans embryos were arrested in their development and formed 
amorphous cellular masses (Kemphues et al., 1988), a phenotype 
that could be interpreted as not depending exclusively on cell po-
larity defects. In addition, it was surprising to find that 152Ser-
Med17 phosphorylation up-regulates an apical membrane trans-
porter transcript (SLC5A8), a finding validated in aPKC-deficient 

Gene Function TR

CBR3 Inflammation-induced antioxidant NF-kB

CEMIP Inflammation-induced hyaluronidase Nf-kB

DDX60 Antiviral factor, promotes RIG-I activity IRFs

GPRIN3 Gai/o protein signaling

HOXB8 Homeobox transcription factor

IFI44L Interferon regulatory factor

KIT Signaling, involved in interleukin signals

PCSK1 Protein convertase NF-kB

SGK2 Serum/glucocorticoid-regulated kinase-2

SLC5A8 Apical solute transporter

TMEM173 STING. Sensor of cytosolic DNA. Regulation of interferon pathway NF-kB

CCL5 RANTES, small chemokine NF-kB

Bold lettering, genes involved in innate immunity; TR, transcriptional regulation, obtained through TRRUST search page (grnpedia.org) and http://fiserlab.org/
tf2dna_db//search_genes.html, refers to genes that include NF-kB or IRFs (IFN pathway) among other transcriptional regulators.

TABLE 1:  Common elements in S152D-Med17– and Prkciflox/flox x Vill-CRE–induced transcripts.
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mice (Table 1). Therefore, the results here add evidence suggesting 
that some of the effects resulting from experimental manipulation of 
molecules traditionally thought to regulate cell polarity may also 
result from broader changes in the transcriptome, including, but not 
restricted to, innate immunity regulation.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Reagents
Recombinant human TNFα, with carrier, was obtained from R&D 
Systems (cat# 210-TA). It was aliquoted and stored at –70°C. The 
IKK inhibitor PS1145 dihydrochloride (Yemelyanov et al., 2006; Lung 
et al., 2019) was obtained from Tocris (cat# 4569). It was stored as a 
stock solution in dimethyl sulfoxide (DMSO) (50 mM) and used at a 
final concentration of 0.5 µM. This concentration is well above the 
IC50 for IKK inhibition but below the IC50 for other effects and inhi-
bition of known kinases (Lam et  al., 2005). MARK/Par1 inhibitor 
39621 was purchased from EMD Millipore (cat# 454870). It was also 
stored as a DMSO stock solution (20 mM) and used at final concen-
tration of 10 µM. That is approximately fourfold the IC50 for MARK 
kinases and 0.4-fold the known IC50 for other kinases (Timm et al., 
2011). Halt Protease Inhibitor Cocktail (cat# 78430) and Halt Phos-
phatase Inhibitor Cocktail (cat# 78420) were obtained from Thermo 
Fisher Scientific (Waltham, MA) and used at manufacturer-recom-
mended final dilutions. Pierce ECL Western Blotting Substrate was 
also from Thermo Fisher Scientific (cat# 32209).

Constructs and lentiviral particles
Artificial genes of HA-tagged wt Med17 and Ser152 Med17 mu-
tants were prepared by Genscript and checked by full forward and 
reverse sequencing and provided in a pEZ-Lv151 vector. The con-
structs were recloned into lentiviral vectors.

OmicsLink Expression-Ready ORF cDNA Clones expressing 
eGFP or Par1b(MARK2) in the LV-105 backbone vector (CMV pro-
moter, puromycin stable selection) were obtained from GeneCo-
poeia (Rockville, MD). All lentiviral vectors were packaged into non-
replicating lentiviral particles using the Lenti-Pac HIV Expression 
Packaging kit from the same supplier.

Antibodies
Antibodies, sources, and validation are detailed in Supplemental 
Table 1. Secondary antibodies were affinity purified and obtained 
from Jackson ImmunoResearch Laboratories, West Grove, PA.

Recombinant proteins
Recombinant human His-tagged 14-3-3 proteins (α, β, δ, ζ, ε,   η) 
were purchased from GeneCopoeia. MARK2 Recombinant Human 
Protein (PV3878) expressed by baculoviral vectors was obtained 
from Invitrogen Life Technologies. Med17 (TRAP80) Recombinant 
Human Protein (H00009440) was obtained from Novus Biologicals.

Cells, transduction, and selection
Caco-2 (human adenocarcinoma) cells were obtained from and vali-
dated by the American Type Culture Collection (ATCC) once a year. 
These cells are contact inhibited and differentiate in polarized 
monolayers, especially when grown on filters. After 10 d of conflu-
ent culture on Transwell filters (Corning), they express membrane 
transporters and enzymes typical of human villus enterocytes, tight 
junctions, and desmosomes, brush border, as well as a fully estab-
lished apico-basal polarity. Accordingly, the cells display electro-
physiological properties like those of intestinal epithelia (Grasset 

et al., 1984) and a transcriptome closely related to human entero-
cytes (Tremblay et  al., 2006). Caco-2 cells were maintained and 
grown as described before. For experiments, the cells were grown 
on Transwell filters. Transduction and selection were performed as 
described before (Mashukova et al., 2009). In brief, to package the 
virus, HEK293T cells were cotransfected using a replication-defec-
tive lentiviral vector and packaging plasmid using the manufactur-
er's recommendation (Genecopoeia; cat# Clv-PK-01). Subsequently, 
sparse Caco-2 cells, 24 h after seeding on plastic dishes, were in-
fected with lentiviral particles for 24 h and selected with appropriate 
antibiotics (0.5 µg/ml puromycin and/or 500 µg/ml geneticin G418 
Sulfate (Invitrogen, Carlsbad, CA) until dead/detaching cells were 
no longer observed (typically after 5–7 d). Following growth to con-
fluency, cells were trypsinized and replated onto filter inserts for ex-
periments or plastic dishes for stock. Stock cultures were kept con-
tinuously under antibiotic selection. The expression of transduced 
protein or the knockdown effect of shRNAs was monitored by 
immunoblot in each passage. Typically, the cells were used for up to 
5–10 passages after transduction, except for Med17 mutant–ex-
pressing lines, which were used within five passages from the lenti-
viral transduction. All the experiments reported here were repeated 
in cells from at least three independent transductions.

Immunofluorescence and image quantification
Immunofluorescence was performed after fixation in 4% formalde-
hyde, freshly prepared from paraformaldehyde, and permeabiliza-
tion in 0.4% Triton X-100 in phosphate-buffered saline (PBS). For 
detection of phosphorylated epitopes, fixation was in 5% trichloro-
acetic acid (TCA) as described before (Hayashi et al., 1999). For im-
munofluorescence of HA-tagged Med17, the cells were fixed in 
95% methanol at ––20°C for 30 min. The maximum projections of 10 
confocal optical sections at the apical side of the cells were shown 
for Par3 immunofluorescence, along with 10 confocal sections at the 
basolateral (nuclear) level from the same stacks for DAPI. Maximum 
projections were necessary because of the uneven shape of the api-
cal surface in columnar cells grown on filters.

Mouse intestine frozen sections were obtained after fixation of 
tissue in 5% TCA, infusion in 30% sucrose in 1:10 PBS for 4 h, and 
freezing in Tissue-Tek optional cutting temperature compound in 
isopentane at melting point. Like images from cultured cell mono-
layers, frozen sections were also imaged by confocal microscopy 
using a Leica TS5 confocal instrument and LAS software for image 
acquisition. Images were acquired using the Leica 63× immersion 
objective (NA 1.3).

Pixel values were measured as described before (Wald et  al., 
2011). Briefly, for quantification of RelA nuclear translocation, ran-
dom regions of interest were located blinded from the RelA signal 
on nuclei or adjacent cytoplasm using the DAPI channel alone. The 
ratio of cytoplasm/nuclear signal was then calculated for each cell 
with 10 or more replicates and in three or more independent experi-
ments. Typically, the ratio was less than 0.5 for nonstimulated cells 
and more than 0.9 for TNFα-stimulated cells.

RNA isolation and RT-qPCR (real-time polymerase chain 
reaction)
Total RNA was isolated using Omega Bio-Tek Homogenizer Col-
umns and the E.Z.N.A Total RNA Kit I (Omega Bio-tek, Norcross, 
GA). One microgram of total RNA was reverse transcribed to cDNA 
with iScript cDNA Synthesis Kits (Bio-Rad, Hercules, CA). qPCR was 
performed using the CFX Connect qPCR instrument (Bio-Rad, Her-
cules, CA), and TaqMan gene expression universal assays were used 
to measure transcription of human IL-8, CXCL1, CXCL2, MARK2, 
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and GAPDH obtained from Thermo Fisher Scientific (Waltham, MA). 
Cycle numbers were normalized to human GAPDH endogenous 
control. Transcript level fold differences between different samples 
were calculated by ΔΔCT (ddCT) comparative cycle threshold (Livak 
and Schmittgen, 2001)

Protein extraction, immunoblot, and blot overlay 
(far-Western blot)
Protein extraction from tissue culture cells for PAGE was performed 
in 1% SDS sample buffer, followed by sonication and heating at 
95°C. Protein extraction from intestinal mucosa was performed after 
two washes of the unopened lumen in ice-cold 10 mM EDTA, 5 mM 
dithiothreitol [DTT] in PBS supplemented with anti-proteases and 
anti-phosphatases cocktails. After fully draining the intestinal lumen 
it was filled up with RIPA buffer solution (150 mM NaCl, 1 mM EDTA, 
1 mM EGTA (Ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-
tetraacetic acid), 20 mM Tris, pH 8.0, 1% NP-40 [IGEPAL CA-630] and 
1% sodium deoxycholate) supplemented with anti-protease and 
anti-phosphatase cocktails (2 ml for the full length of the intestine) 
and drained after 1 min. The extracts were sonicated, spun at 
15,000 × g at 4°C for 10 min, aliquoted, and frozen immediately. One 
of the aliquots was used for protein determination. For PAGE, 
aliquots were rapidly thawed, and 30 µg of protein/lane was mixed 
with an excess of SDS sample buffer (typically 1:10 vol/vol).

Immunoprecipitation
At 10 d after seeding cells on a 24 mm Transwell insert, total pro-
teins were extracted from Caco-2 cells expressing either MARK2 or 
GFP with RIPA buffer. The samples were sonicated and spun at 
15,000 × g for 15 min in the cold. Supernatants were subjected to 
total protein quantification using the BCA protein assay and pread-
sorved with Protein G PLUS-Agarose (Santa Cruz Biotechnology, 
Dallas, TX). Extracts (50 µg) were immunoprecipitated at 4°C with 
mouse anti-RelA antibody (0.01 mg/ml final concentration) or mouse 
nonimmune immunoglobulin G (IgG) for control extracts followed 
by an incubation with Protein G PLUS. Immunoprecipitates were 
centrifuged at 2500 rpm for 5 min at 4°C. Following five washes with 
RIPA solution and one final wash with Tris buffer, pH 6.8, immuno-
precipitate samples were eluted in sample buffer before SDS–PAGE 
analysis.

For in vitro phosphorylation experiments, immunoprecipitation 
beads were incubated before the final elution with 3 nM of recom-
binant MARK2 in the kinase reaction buffer (50 mM HEPES, pH 7.5, 
10 mM MgCl2, 1 mM EGTA, 0.01% Brij-35) in the absence (control) 
or presence of 1 mM ATP for 1 h at 30°C. After that each reaction, 
beads were spun and the supernatant collected. The beads were 
further washed once with gentle rotation for 45 min at 4°C and 
eluted as described above. Eluates and supernatants from the reac-
tion were analyzed by immunoblot.

For blot overlay, His-tagged recombinant 14-3-3 proteins 
(α, β, δ, ζ, ε, η; 1 μg of each protein) were added onto the casein-
saturated blots and incubated overnight at 4°C. The overlay was 
extensively washed, and the membranes were processed as for a 
regular immunoblot with anti–His antibody followed by chemilumi-
nescence detection. Quantification of immunoblot results was per-
formed by using chemiluminescence densitometry with a VersaDoc 
(BioRad) gel scanner and Quantimet software.

In vitro phosphorylation and phosphopeptide mass 
spectrometry
Recombinant GST-tagged MED17 protein (1 µg; Novus Biologi-
cals) was incubated with 1 nM of recombinant MARK2 (Invitrogen 

Life Technologies) in the kinase reaction buffer (50 mM HEPES, pH 
7.5, 10 mM MgCl2, 1 mM EGTA, 0.01% Brij-35) in the presence or 
absence (control) of 1 mM ATP. Reactions were incubated at 30°C 
for 1 h and terminated by the addition of Laemmli SDS sample di-
lution buffer. Proteins were separated by 10% SDS–PAGE and sub-
sequently visualized by GelCode Blue Stain Reagent (Thermo 
Fisher Scientific). The protein bands corresponding to the recom-
binant GST-tagged MED17 protein molecular weight were excised 
from stained gel and submitted for PTM-Profiling plus (MSB-09) 
service to MS Bioworks. In short, samples were processed by in-gel 
digestion with trypsin using a ProGest robot (Digilab). Excised gel 
bands were washed with 25 mmol/l ammonium bicarbonate fol-
lowed by acetonitrile and then reduced with 10 mM dithiothreitol 
at 60°C followed by alkylation with 50 mmol/l iodoacetamide at 
room temperature, digested with trypsin (Promega) at 37°C for 4 h, 
and finally quenched with formic acid. Each digested sample was 
analyzed by nano LC/MS/MS (liquid chromatography-mass spec-
trometry) with a Proxeon EASY-nLC 1000 HPLC (high-performance 
liquid chromatography) system interfaced to a Thermo Fisher Q 
Exactive mass spectrometer. The mass spectrometer was operated 
in data-dependent mode, with MS and MS/MS performed in the 
Orbitrap at 70,000 and 17,500 FWHM (full width at half maximum) 
resolution, respectively. Mascot DAT files were parsed into the 
Scaffold software for validation and filtering and to create a nonre-
dundant list per sample. Scaffold results were exported as mzi-
dentML and imported into Scaffold PTM in order to assign site lo-
calization probabilities using A-score (Beausoleil et  al., 2006) A 
minimum localization probability filter of 50% was applied.

Animals and RNAseq
Animal work was performed in compliance with an internal animal 
care and use committee protocol. Characterization of the Prkciflox/flox 
x Vill-CRE mice was described before (intestinal epithelium PKCι/λ-
deficient mice) (Forteza et al., 2016). Cryopreserved sperm has been 
deposited at the MMRRC National Network (University of California, 
Davis, #042275). At the time of the experiments described here the 
mouse line had been kept in endogamic conditions for >20 genera-
tions. Breeders with Vill-CRE (–) genotypes were kept within the 
colony to obtain Prkciflox/flox control animals. Control and knockout 
mice were cohoused.

The protocol to obtain RNA from Caco-2 cells for RNAseq stud-
ies was described above. Mouse intestine was extracted from Prk-
ciflox/flox Vill-CRE–/– (control) and conditional PKCι/λ-deficient mice 
(Prkciflox/flox. Vill-CRE +). Three washes were performed using PBS 
supplemented with 10 mM glucose, 30 mM EDTA to remove de-
bris and mucus. Following washes, each segment of intestine was 
loaded with a solution of PBS with glucose/EDTA and 0.5 mM DTT 
and clamped for 20 min. Intestinal lumens were then carefully 
drained by releasing one clamp into a sample tube. After a 1-min 
spin-down, RNase inhibitor (Qiagen, Germantown, MD) was im-
mediately added to the pellet. Total RNA was extracted using 1 ml 
TRIzol Reagent and vigorously homogenized several times using 
3 ml syringes (needles 18G11/2 and 20G11/2). Samples were then 
incubated at RT to permit complete dissociation of the nucleopro-
tein complex before adding chloroform (0.2 ml/ml phenol). Total 
RNA was then precipitated with isopropanol from the aqueous 
phase followed by 10 min centrifugation, 12,000 × g at 4°C. Pellets 
were washed with 75% ethanol, centrifuged for 5 min at 7500 × g, 
air dried and finally resuspended in RNase-free water. All RNA 
samples were submitted to DNase Treatment and Removal 
Reagents following manufacturer's instructions (Ambion, Life Tech-
nologies). RNA samples were then stored at –80°C before being 
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processed for RNAseq by the Center for Genome Technology, 
University of Miami Miller School of Medicine. RNAs were ex-
tracted from epithelial cell–enriched mucosal scraps as described 
before (Forteza et  al., 2016) and submitted for poly-A selection 
and Illumina NextSeq/NovaSeq NGS technology. Results were fil-
tered to exclude low count readings (<10 counts) and for statistical 
significance.

Statistics
Statistical significance for Gaussian variables was estimated by Stu-
dent's t test. Specifically, this was used for qPCR data using ΔCT values 
(Yuan et al., 2006), not fold differences, which were used for graphical 
purposes only. For RNAseq data, statistical significance of the differ-
ences was calculated using EdgeR or Illumina software. For transcript 
enrichment PANTHER software was used (http://geneontology.org/) 
for Biological Processes. For non-Gaussian variables, such as ratios, we 
used a nonparametric Kruskal–Wallis test.
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