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  Abstract 

 The serine/threonine kinase Mirk is an active 
kinase in pancreatic, ovarian and colon can-
cers, but is not activated by mutation. Mirk 
was upregulated or ampli fi ed in the majority 
of resected pancreatic or ovarian adenocarci-
nomas, and may be selected for by enabling 
cancer cells to enter a reversible quiescent 
state and thus survive suboptimal conditions. 
Mirk/dyrk1B levels and activity are highest 
when cells are quiescent. Some cancer cells 
can enter a reversible quiescent phase depen-
dent on p130/Rb2 and Mirk/dyrk1B when 
deprived of growth factors, while others 
undergo autophagy or apoptosis. Mirk blocks 
cell cycle progression in G0 by complexing 
with GSK3ß and destabilizing cyclin D iso-
forms and by activating by phosphorylation 
Lin52, which is part of the DREAM complex 
including p130/Rb2 which sequesters E2F4 
and other transcription factors necessary for 
cells to enter cycle. Mirk transcriptional co-
activator activity allows Mirk to decrease ROS 
levels by increasing expression of a group of 
antioxidant genes. Since Mirk is activated by 
oncogenic K-ras/H-ras, its upregulation of 
antioxidant genes may compensate for the 
increase in ROS induced by ras oncoproteins. 
Mirk competes with the SAPK p38 for bind-
ing to their common activator MKK3. Thus 
Mirk is upregulated or ampli fi ed in certain 
pancreatic and ovarian cancers, is an active 
kinase in these cancers, and under suboptimal 
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growth conditions, maintains these cancer 
cells in a viable, quiescent state. 

   Keywords 

 Mirk/dyrk1B • ROS • ras         

   Introduction 

 Mirk/dyrk1B is a member of the Minibrain/dyrk 
family of kinases which mediate survival of differ-
entiating cells in certain normal tissues: skeletal 
muscle (Mirk/dyrk1B) through blocking cell 
cycling and aiding the expression of MEF2, 
neuronal cells (Dyrk1A), erythropoietic cells 
(Dyrk3) and sperm (Dyrk4). Our group initially 
cloned Mirk (minibrain-related kinase)/dyrk1B 
from human colon cancer cells and then by stably 
overexpressing wild-type Mirk, demonstrated its 
capacity to mediate colon cancer cell survival 
under serum limited conditions, whereas kinase-
dead mutant Mirk had no survival capacity 
(Lee et al.  2000  ) . Mirk was an active kinase in 
colon cancer cells, but was not mutated. Mirk 
was most abundant and active as a kinase in G0 
cells in pancreatic cancer, colon cancer, and ovarian 
cancer cultures (Friedman  2007  ) .  

   Mirk Destabilization of Cyclin D 

 Mirk blocked cycling of tumor cells in a quies-
cent G0 state by destabilizing the G1 cyclins, 
cyclin D isoforms, by phosphorylation at a con-
served ubiquitination site T288 (Zou et al.  2004  ) . 
During in vivo phosphorylation experiments in 
both Mv1Lu and NIH3T3 cells, Mirk potently 
phosphorylated a construct mutated at the GSK3ß 
site, cyclin D1-T286A, but not T288A constructs 
(Zou et al.  2004  ) . Both cyclin D1 residues, T286 
and T288, are important for its ubiquitination, 
and the half-life of cyclin D1-T286A/T288A was 
three times that of wild-type (Germain et al. 
 2000  ) . Expression of cyclin D1 mutant at the 
Mirk phosphorylation site, T288A, enabled 
serum-starved HD6 colon cancer cells to escape 
quiescence and move into cycle (Jin et al.  2009  ) . 
Likewise, depletion of Mirk by RNA interference 

(Deng et al.  2009  )  or pharmacological inhibition 
of Mirk kinase activity (Ewton et al.  2011  )  
allowed pancreatic cancer cells to escape the qui-
escent state by increasing their expression of 
cyclin D isoforms. The Mirk site of T288 is 
directly adjacent to the GSKß site of T286, and 
Mirk and GSK3ß can be co-immunoprecipitated, 
indicating that they form a complex. Thus, Mirk 
may act as a priming kinase for GSK3ß in phos-
phorylation and destabilization of cyclin D 
isoforms.  

   Mirk Elevated in Quiescent Cells 

 Mirk protein levels rise in cultures enriched in 
quiescent G0 cells, and are seven to tenfold higher 
than in cycling cultures by western analysis 
(Deng et al.  2004  ) . Examination of sectioned 
pancreatic, colon or ovarian cancers by immuno-
histochemistry for markers of cycling cells such 
as Ki67 has revealed that the fraction of cycling 
cells is low. For example, in a series of 90 ovarian 
cancers the proliferative fraction had a median 
value of only 30% (Schindlbeck et al.  2007  ) , 
while in a series of pancreatic cancers nuclear 
Ki67 was found in an average of only 28% of 
cells (Stanton et al.  2003  ) . A subset of the nondi-
viding cells may be in a quiescent state. Mirk 
reactivity and nuclear Ki67 were assayed on the 
same human ductal pancreatic adenocarcinomas 
in serial sections and were mutually exclusive, 
showing that Mirk was expressed in the nondi-
viding fraction of tumor cells which would 
include any quiescent cells (Deng et al.  2009  ) .  

   Mirk Ampli fi ed in Cancers 
and Activated by Oncogenic Ras 

 Both pancreatic ductal adenocarcinoma and 
serous ovarian adenocarcinoma lack effective 
treatment strategies. Pancreatic cancer is the 
fourth deadliest cancer in the United States, 
even though it ranks 11th in incidence. 
Epithelial carcinoma of the ovary is one of the 
most common gynecologic malignancies and 
the  fi fth most frequent cause of cancer death in 
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women (NIH database). The Mirk/dyrk1B 
kinase gene is part of the 19q13 amplicon 
found in pancreatic cancer (Karhu et al.  2006  )  
and ovarian cancer (Thompson et al.  1996  ) . 
Immunohistocytochemical analysis revealed 
that the Mirk protein is expressed in about 90% 
of pancreatic cancers (Deng et al.  2006  )  and 
about 75% of ovarian cancers (Hu et al.  2011  ) . 
Furthermore, the Mirk gene has been localized 
to the 660 kb core region of the 19q13 amplicon 
which contains about 20 genes, only four of 
which might have some role in tumor growth 
(Mirk/dyrk1B, MED29, PAF1 and PAK4) 
(Kuuselo et al.  2007  ) . The 660 kb core amplicon 
is found in 12.2% of all primary pancreatic 
cancers, but increases to 33.3% of the more 
advanced T3 and pT4 tumors, as well as in 
lymph node metastases and distant metastases 
(Kuuselo et al.  2010  ) . Mirk is activated by signal-
ing from activated Rac1 to MKK3 (Jin et al. 
 2005  )  or oncogenic K-ras or H-ras to Rac1 to 
MKK3 (Jin et al.  2007  )  and was an active 
kinase in pancreatic, ovarian or colon cancer 
cell cultures assayed by the immune complex 
kinase reaction. Mirk is an active kinase in 
pancreatic cancers in vivo where it restricts 
Hedgehog initiated Gli1 activity to the stromal 
compartment (Lauth et al.  2010  ) . Signi fi cantly, 
Mirk maintains the viability of the most aggres-
sive subset of pancreatic cancer cells that can 
undergo clonal growth and that should include 
the tumor stem cells (Jin et al.  2007  ) .  

   Reactive Oxygen Species (ROS) 
in Quiescence 

 Factors that allow the prolonged survival of qui-
escent tumor cells in vivo are of clinical rele-
vance. These include antioxidant proteins and 
factors which control their expression (Chen 
et al.  2008  )  such as Mirk, which decreases the 
level of toxic reactive oxygen species (ROS) in 
tumor cells, increasing their survival (Deng 
et al.  2009  )  and their clonogenic growth (Jin 
et al.  2007  ) . ROS are constantly generated as 
cells grow, and increased growth rates and onco-
genes like H-ras and Bcr-abl raise ROS levels in 

tumor cells (Trachootham et al.  2006  ) . We 
hypothesize that tumor cells enter a quiescent 
state because of damage resulting from oxida-
tive stress, with a few percent entering G0 at 
each cell cycle. After repair, cells can then re-
enter the cell cycle if nutrients are available. 
Mirk maintains the viability of repaired cells in 
G0 by reducing ROS levels through activating 
expression of antioxidant genes, among them 
ferroxidase and SOD2 in some pancreatic can-
cers (Deng et al.  2009  )  and ovarian cancers 
(Hu and Friedman  2010  ) .  

   Cycling Ovarian Cancer Cells Enter G0 

 The presence of quiescent G0 tumor cells has 
been controversial. Quiescent cells degrade their 
ribosomes allowing G0 cells to be identi fi ed by 
their lower RNA content than G1 cells, but 2N 
DNA content. Cellular DNA was stained with 
Hoechst 33258, Pyronin Y then added to bind to 
RNA, and both  fl uorochromes measured by two 
parameter  fl ow cytometry. The BJ strain of human 
normal diploid  fi broblasts maintained in log 
phase growth had a low fraction (10%) of cells in 
G0 while serum-starvation placed the majority of 
cells (66%) in G0 as noted by others (Coller et al. 
 2006  ) . Five ovarian cancer cell lines were assayed 
during log phase growth to determine whether 
any cells cycled into a G0 state even when the 
majority of cells were proliferating. Surprisingly, 
OVCAR3, SKOV3, TOV21G, OVCAR4 and 
OV90 cultures each contained a fraction of cells 
in G0. These averaged 17 ± 3% (SD) for SKOV3 
cultures, 17 ± 4% for TOV21G cultures, 38 ± 2% 
for OVCAR3 cultures and 20 ± 2% for OVCAR4 
and OV90 cultures (Fig.  10.1a  and other data not 
shown). OVCAR3 cultures with the highest 
fraction of G0 cells and an ampli fi ed Mirk gene 
(Hu et al.  2011  )  proliferated the slowest. Re fl ecting 
their lower fraction of G0 cells, SKOV3 and 
TOV21G cultures grew over twice as fast as 
OVCAR3 cultures (Fig.  10.1b ), as did OVCAR4 
and OV90 cultures (data not shown). Thus the 
entry of cells into G0 lowers the fraction of 
cycling cells within the culture, increasing the 
average doubling time.   
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  Fig. 10.1    Ovarian cancer cell cultures contain a fraction 
in G0.  a  Log phase SKOV3, TOV21G, and OVCAR4 
ovarian cancer cells, then grown serum-free medium 
3 days before cell cycle analysis by two parameter  fl ow 
cytometry, with G0 cells indicated by arrows.  b  Log phase 
cells replated at similar cell densities, and cultured in 
growth medium, with relative cell numbers determined by 

MTT assay +/− SD (n = 6).  c  Cells depleted of p130, made 
quiescent, and the fraction of cells in G0 then determined 
as above, mean +/−SE.  d  Western blot of immunoprecipi-
tated p130/Rb2, E2F4 bound to immunoprecipitated p130/
Rb2, and total p130/Rb2 and antibody heavy chain in the 
respective lysates from cells log phase or serum-starved 
3 days       

   Stress Conditions Increase G0 Cells 

 TOV21G, SKOV3, OVCAR3, OVCAR4 cells, 
and OV90 cells were cultured for 3 days either in 
serum-free DMEM or maintained as log phase 
cultures in DMEM plus 7% FBS. Culture under 
serum-free conditions increased the fraction of 
G0 cells an average of 3.2 (±0.2) fold for SKOV3 
cultures, 6.5 (±0.4) fold for TOV21G cultures, 
and 1.5 (±0.1) for OVCAR3 cultures but did not 
increase the  fraction of G0 cells in OVCAR4 or 
OV90 cultures (Fig.  10.1a  and other data not 
shown). Similar results were found when cells 
were cultured to high density. 

 Were the cells in G0 in the ovarian cancer cell 
lines terminally arrested, undergoing apoptosis 
or were they in a transient quiescent state like 
dormant tumor cells in vivo? SKOV3 cells were 
accumulated in G0 by serum-free culture for 

2 days, then replated at lower density in fresh 
serum-free growth medium containing the 
mitotic inhibitor nocodazole. Within 2 days, 
about 90% of the cells had exited the quiescent 
G0 state, traversed G1 and S and had been 
arrested in G2+M by nodocazole, without the 
appearance of a sub-G1 peak of apoptotic cells 
(Hu et al.  2011  ) . Thus quiescent SKOV3 cells 
can eventually re-enter the cell cycle in the 
presence of fresh nutrients showing that G0 
arrest is transient.  

   Quiescence Markers in G0 Cancer Cells 

 Possibly a molecular defect in OVCAR4 and OV90 
cells prevented their accumulation in G0 under 
suboptimal culture conditions. The retinoblastoma 
protein family member p130/Rb2 sequesters the 
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E2F4 transcription factor, preventing progression 
of mammalian cells from G0 into G1. Consistent 
with this function, ectopic expression of the p130/
Rb2 gene mediated growth arrest of human ovarian 
cancer cells (D’Andrilli et al.  2004  ) . The protein 
level of p130/Rb2 is elevated in quiescent cells 
where p130/Rb2 functions, but is lower in prolifer-
ating cells due to turnover (Smith et al.  1998  ) , so an 
increase in p130/Rb2 levels should occur to facili-
tate the entry of ovarian cancer cells into G0. A time-
course analysis showed that when TOV21G and 
SKOV3 cells were cultured in serum-free medium 
for 3 days and cells entered G0, the protein level of 
p130/Rb2 increased several-fold, while neither 
increase in p130/Rb2 nor accumulation in G0 
occurred in OVCAR4 cells. This difference led to 
levels of p130/Rb2 sixfold higher in TOV21G cells 
and fourfold higher in SKOV3 cells than in 
OVCAR4 cells (Hu et al.  2011  ) . Levels of p130/
Rb2 can be controlled through the Foxo3a tran-
scription factor (Kops et al.  2002  ) , or post-transla-
tionally through protein stabilization. One or both 
of these regulations may be aberrant in OVCAR4 
cells. Immunohistochemical analysis by others 
revealed loss or decrease in expression of p130/
Rb2 in about 40% of 45 resected human ovarian 
cancers assayed (D’Andrilli et al.  2004  ) , so the 
OVCAR4 line may re fl ect this large subgroup of 
ovarian cancers with low p130/Rb2 expression. 

 Mirk protein levels increased four to sevenfold 
in SKOV3 and TOV21G cells, but not in OVCAR4 
cells, cultured under these suboptimal growth 
conditions. In time-course studies Mirk levels 
increased within 24 h of the switch to serum-free 
culture and then continued to increase. Thus an 
increase in level of Mirk protein was found only 
when ovarian cancer cells accumulated in G0. 
The CDK inhibitor p27kip1 helps to maintain the 
G0 state by binding to CDK/cyclin complexes. 
Levels of p27 were increased 20-fold when 
SU86.86 pancreatic cancer cells were made 
quiescent in G0 (Deng et al.  2009  ) . Levels of p27 
differed dramatically between the OVCAR4, 
SKOV3 and TOV21G cell lines, but were 
increased several fold in each line by serum-free 
culture (Hu et al.  2011  ) . The inability of OVCAR4 
cells to arrest in G0 could not be ascribed to alter-
ations in abundance or regulation of p27.  

   Some Ovarian Cancers Defective 
in G0 Arrest 

 SKOV3, TOV21G and OVCAR4 cells were 
cultured in serum-free conditions for up to 6 days. 
Measurement of relative cell number by MTT 
assay showed that both SKOV3 and TOV21G 
cultures grew to a higher cell density than the 
OVCAR4 cultures that exhibited declining cell 
numbers after 3 days of serum-free culture 
(Fig.  10.2a ). Analysis of parallel cultures revealed 
that OVCAR4 cells underwent more apoptosis 
than TOV21G or SKOV3 cells (Fig.  10.2b ). 
Critical steps in apoptosis are cleavages of poly 
(ADP-ribose) polymerase (PARP) and caspase 3, 
which were prominent only in OVCAR4 cells 
after 4–6 days of serum-free culture. Measurement 
of cell viability by dye exclusion showed that 
about 60% of the OVCAR4 cells were nonviable 
and unable to exclude dye after 4–6 days of 
serum-free culture, compared with about 30% of 
SKOV3 and TOV21G cells (Fig.  10.2c ). These 
nonviable OVCAR4 cells then underwent apop-
tosis (Fig.  10.2b ), reducing total cell numbers 
(Fig.  10.2a ). Other suboptimal culture conditions 
also led TOV21G and SKOV3 cells to accumu-
late in G0. Cells were cultured for 3 days either in 
serum-free DMEM, in normal growth medium to 
high cell density or in low glucose DMEM with-
out FBS. In each case the fraction of G0 cells 
increased to 60–80% of the culture, while no 
such increase was seen with OVCAR4 cultures. 
Thus ovarian cancer cells that could enter a 
reversible quiescent arrest in G0 were more pro-
tected from suboptimal growth conditions than 
tumor cells that lacked this capacity. In vivo, such 
quiescent cells could re-enter the cell cycle under 
favorable clues from the microenvironment.   

   Mirk and p130/RB2 Required 
for G0 Viability 

 The effect of Mirk on viability of ovarian cancer 
cells under suboptimal growth conditions was 
determined by depletion of Mirk by two RNAi 
duplexes, each added independently to a parallel 
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culture of either TOV21G or OVCAR4 ovarian 
cancer cells, or the BJ strain of normal human 
diploid  fi broblasts. The Mirk depleted and con-
trol-depleted cells were then maintained in 
serum-free media for 4 or 6 days. About 60% of 

the OVCAR4 cells, 30% of the TOV21G cells, 
but only 10% of the normal  fi broblasts died under 
these conditions (average of Ctsi treated cultures, 
Fig.  10.2d ). However, these three cell types 
differed in their sensitivity to depletion of Mirk. 

  Fig. 10.2    Cultures of OVCAR4 cells with low fractions 
in G0 under serum-free culture conditions undergo more 
cell death than cells that can arrest in G0.  a  Cells were 
plated, and allowed to enter cycle by culture in growth 
medium for 24 h, then switched to serum-free medium. 
MTT assay, mean +/−SD shown, n = 2.  b  ( upper panel ) 
Parallel cultures from panel  a  analyzed by western blot-
ting for markers of apoptosis, cleaved PARP and cleaved 
caspase 3. ( lower panel ) Cells depleted of Mirk using two 
different RNAi duplexes independently (siD or siC) or 
GC-matched controls, then cultured serum-free for 4 days 
before western blotting for Mirk, actin, cleaved PARP and 
cleaved caspase 3. Only data with siD shown.  c  The cul-
tures from panel  a  were sampled for the fraction of dead 

cells incapable of exclusion of trypan blue dye. Mean +/− 
SD shown, with n = 4 for each point. An average of 
488+/−40 cells were assayed per point.  d  TOV21G, 
OVCAR4 and BJ normal human diploid  fi broblasts were 
depleted of Mirk using two different RNAi duplexes inde-
pendently (siD or siC) or GC-matched controls as in panel 
 b , then cultured serum-free for four and for 6 days before 
assay of the percentage of dead cells by trypan blue dye 
exclusion. Mean +/−SD shown (n = 4, with two measure-
ments per RNAi duplex). Student’s two-tailed  t  test used 
to analyze cultures of TOV21G gave p < 0.001. ( lower 
panel ) Western blot shows depletion of Mirk in parallel 
cultures after 4 days       
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There was no detectable effect on the viability of 
normal BJ cells on either day, while Mirk deple-
tion did not further decrease OVCAR4 viability 
after 4 days of serum-starvation with a marginal 
effect after 6 days (Fig.  10.2d ). In contrast, Mirk 
depletion led to a mean 50% increase in TOV21G 
cell death after either 4 or 6 days of serum starva-
tion. In similar studies, Mirk depletion led to 
increased cleavages of poly(ADP-ribose) poly-
merase (PARP) and caspase 3 in SKOV3 and in 
TOV21G cells, not in OVCAR4 cells, indicating 
that the loss of Mirk led to cell death by apoptosis 
(Fig.  10.2b , lower panel). Thus, Mirk helps to 
maintain TOV21G ovarian cells in a viable quies-
cent state by blocking apoptosis, while having 
little protective effect for OVCAR4 cells which 
are not accumulated in G0 by suboptimal growth 
conditions. In addition, Mirk protein was expressed 
at much lower levels in normal BJ  fi broblasts com-
pared to either SKOV3 or TOV21G cancer cells, 
and depletion of Mirk in BJ cells led to no detect-
able increase in cell death (Fig.  10.2d ). This data is 
consistent with earlier studies on Mirk knockout in 
mice (Leder et al.  2003  )  and colony formation 
assays (Jin et al.  2007  ) that showed a selective sen-
sitivity of cancer cells to Mirk depletion compared 
with normal diploid cells. 

 The mechanism for G0 arrest includes the 
Mirk-mediated reduction of cyclin D1 to prevent 
escape into G1. Mirk has been shown to slow the 
exit of SU86.86 pancreatic cancer cells (Deng 
et al.  2009  ) , and HD6 colon cancer cells (Jin et al. 
 2009  )  from G0 quiescence by phosphorylating 
their cyclin D isoforms at a conserved ubiquitina-
tion site that initiates rapid turnover. Mirk was 
shown to also alter ovarian cancer cell cycling 
through cyclin D1. Ef fi cient depletion of Mirk in 
SKOV3, OVCAR3, and TOV21G cells by either 
of two synthetic RNAi duplexes led to an increase 
in cyclin D1. Thus Mirk reduced cyclin D1 levels 
in these cells, restricting their entry into G1 and 
the cell cycle. 

 The role of p130/Rb2 in G0 arrest in ovarian 
cancer cells was examined by depleting p130 in 
SKOV3, TOV21G and OVCAR4 cells, then placing 
cells in serum-free medium for 3–5 days in an 
attempt to induce quiescence. Although the p130 
depletion was only partial, fewer p130-depleted 
SKOV3 and TOV21G cells were found in G0 

(Fig.  10.1c ). In contrast, depletion of p130 had 
almost no effect on the G0 fraction of OVCAR4 
cells. These data suggest that p130/Rb2 enables 
TOV21G cells to remain in G0 as part of a stress 
response, and loss of this capacity for G0 arrest 
decreases their viability. 

 When normal diploid cells enter G1 from G0 
by addition of mitogens, p130/Rb2 is phosphory-
lated by G1 cyclin/CDK complexes and other 
kinases at up to 22 sites, thus freeing the transcrip-
tion factor E2F4. E2F4 was expressed at similar 
levels in the three cell lines under different culture 
conditions (data not shown). However, about 
 fi vefold more E2F4 was bound to p130/Rb2 
immunoprecipitated from SKOV3 and TOV21G 
cells arrested in G0 compared with p130/Rb2 
from OVCAR4 cells grown under similar condi-
tions (Fig.  10.1d ). Thus fewer serum-starved 
OVCAR4 cells were found in G0 because they 
did not express enough p130/Rb2 capable of 
sequestering E2F4 to block entry into G1. 

 Quiescence is maintained by the DREAM 
complex (p130/Rb2, E2F4, DP1 and a stable core 
including the LIN52 protein), which disassembles 
when cells leave quiescence and enter cycle. In qui-
escent cells Mirk/dyrk1B and the closely related 
Dyrk1A phosphorylate the core protein LIN52 at 
a site necessary for its quiescence function 
(Litovchick et al.  2011  ) . Mirk was capable of 
phosphorylating LIN52 in SKOV3 and TOV21G 
ovarian cancer cells, but its function in OVCAR4 
was not determined.  

   The Stress-Activated Kinase p38 
and Mirk Compete 

 The SAPK p38 regulates a transcription factor 
network required for tumor cell quiescence 
(Adam et al.  2009  ) . High levels of p38 coupled 
with low levels of Erks induce a G0/G1 arrest of 
HEp3 cells into a dormant state (Sosa et al.  2011  ) . 
Interestingly, p38 can suppress Mirk function 
when p38 levels are higher than Mirk levels by 
competing for their common activator MKK3. 
The MAPK kinase MKK3 activates Mirk/dyrk1B 
as a protein kinase (Lim et al.  2002a  ) , implicating 
Mirk/dyrk1B in the biological response to certain 
stress agents. 
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 Mirk and p38 directly interact in vivo as they 
co-immunoprecipitate. Flag-epitope-tagged wild-
type p38 or dominant negative p38AF were 
co-transfected into 293T cells with either wild-
type Mirk or Mirk plus its activator, constitutively 
active mutant MKK3E (Fig.  10.3a ). Mirk, p38 
wild-type and kinase-dead p38AF were synthe-
sized at comparable levels in each experimental 
mixture, as shown by western blotting of the cell 
lysates (Fig.  10.3a , lower two lanes) (Lim et al. 
 2002b  ) . In vivo interaction between p38 and Mirk 
was demonstrated by their co-immunoprecipita-

tion (Fig.  10.3a ). Kinase-inactive p38AF bound 
Mirk about twice as avidly as wild-type p38. 
Each of the four isoforms of p38,  a , b ,  g ,  d , were 
expressed in vivo alone or in the presence of Mirk, 
and only  a  and ß were capable of complexing and 
co-immunoprecipitating with Mirk (Fig.  10.3b ).  

 The complexing of p38 to Mirk blocked Mirk 
kinase activity. Increasing amounts of puri fi ed 
recombinant non-activated p38 (0.1–3 ug) were 
mixed together with 1 ug of puri fi ed GST-Mirk, 
and an in vitro kinase assay was performed on 
myelin basic protein (MBP). Without activation 

  Fig. 10.3    Physical interaction between Mirk and p38 
SAPK.  a  293T cells were co-transfected with either 
MKK3E, wild-type Mirk, and either  fl ag-p38 wild-type or 
kinase-inactive  fl ag-p38AF. Mirk and its associated pro-
teins in immunoprecipitates were examined by western 
blotting for the  fl ag-epitope on the expressed p38 and 
p38AF proteins. Similar amounts of p38 wild type and 
p38AF were synthesized in the lysates, and equal amounts 
of Mirk were found in the appropriate lysates.  b  Physical 
interaction between Mirk and only the  a  or ß isoforms of 
p38 MAP kinase. Equal amounts of p38 SAPK isoforms, 
 a , b 2, g   d , were synthesized in 293T cells following trans-
fection in the presence of co-expressed Mirk or vector 
DNA (western blots of lysates shown in lower two panels). 
Immunoprecipitates western blotted for the  fl ag-epitope 

on the expressed p38 isoforms.  c  Kinase mixtures in vitro 
contained either recombinant puri fi ed Mirk or increasing 
concentrations of recombinant puri fi ed p38, as indicated. 
Kinases were added to MBP and in vitro kinase assays 
were performed with [ 32 ]P-ATP and analyzed by autoradiog-
raphy after SDS-PAGE.  d  293T cells were co-transfected 
with either MKK3E, wild-type Mirk, and kinase-inactive 
 fl ag-p38AF. Western blots of total lysates shown in upper 
two panels. Mirk immunoprecipitates were western blot-
ted for the  fl ag-epitope for complexed p38AF proteins and 
for complexed MKK3E by antibody to MKK3.  e  293T 
cells were co-transfected as above. Western blot of total 
lysates is shown in upper three panels. The MKK3 immu-
noprecipitates were western blotted for the  fl ag-epitope 
for complexed p38AF proteins and for complexed Mirk       
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p38 had little kinase activity on MBP, while Mirk 
exhibited MBP kinase activity (Fig.  10.3c ). Mirk 
kinase activity was inhibited by roughly equimolar 
concentrations of inactive p38, consistent with the 
model that p38 sequesters Mirk. Since p38AF is a 
potent inhibitor of Mirk activation of HNF1 (Lim 
et al.  2002b  ) , it is likely that p38  a  and ß sequester 
Mirk, and prevent its activation by MKK3E. 

 The ability of p38 to sequester Mirk was tested 
by co-expressing Mirk with MKK3E in the pres-
ence of increasing levels of  fl ag-p38AF, and then 
analyzing the molecules bound to either immuno-
precipitated Mirk (Fig.  10.3d ) or immunoprecipi-
tated MKK3E by western blotting (Fig.  10.3e ). 
In the absence of p38AF, Mirk bound well to 
MKK3E (Fig.  10.3d ). When the concentration of 
p38AF increased tenfold, more  fl ag-p38AF and 
less MKK3E was found associated with Mirk in a 
dose-dependent manner (Fig.  10.3d , lower panels). 
Similarly when MKK3E immunocomplexes were 
analyzed, increasing amounts of p38AF led to the 
displacement of Mirk (Fig.  10.3e , lower panels). 
These experiments demonstrated that p38 blocked 
the association of MKK3E and Mirk in a kinase-
independent manner. Synchronization experi-
ments demonstrated that Mirk/dyrk1B levels 
 fl uctuate about tenfold within the cell cycle, while 
p38 levels do not, leading to the speculation that 
endogenous p38 could only block Mirk function 
when Mirk levels were low in S phase and not 
when Mirk levels were elevated in G0/G1. These 
data suggest a novel cell cycle dependent function 
for p38, suppression of Mirk functions only when 
cells are proliferating, and thus limiting Mirk 
functions to growth arrested cells.      
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