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Abstract

We have shown that a constitutively active Ga13 (Ga13Q226L) induces differentiation in P19 embryonic carcinoma cells to an endo-

dermal phenotype. In this report, we demonstrate that Ku, a heterodimer of p80 (Ku80) and p70 (Ku70), is upregulated in P19 cells

overexpressing Ga13Q226L. Ku is the regulatory subunit of the DNA-dependent protein kinase and is primarily involved in DNA

repair and recombination. Ku80 also is a somatostatin receptor. We show that while overexpression of Ku80 drastically reduced

P19 cell proliferation, it was not sufficient to induce endodermal differentiation. However, coexpression of Ga13Q226L and an anti-

sense Ku80 abrogated the retarded growth rate and endodermal differentiation observed in cells expressing only Ga13Q226L. Over-

expression of Ga13Q226L or Ku80 downregulated RNA polymerase I-mediated transcriptional activity and overexpression of

antisense Ku80 restored the activity to control level. These results suggest that Ku80 is required for Ga13-mediated endodermal

differentiation in P19 cells.

� 2004 Elsevier Inc. All rights reserved.
The Ku protein is the heterodimeric regulatory com-

ponent of the serine/threonine kinase, DNA-dependent

protein kinase (DNA-PK) [1]. Ku consists of 80
(Ku80) and 70 kDa (Ku70) subunits [2]. Ku80 is also a

somatostatin receptor protein that can regulate the

activity of protein phosphatase 2A (PP2A) [3]. The fact

that somatostatin is an inhibitor of cell proliferation and

that PP2A is involved in cell cycle regulation [4] suggests

for Ku80 a putative role in regulating cell growth. Sus-

tained cell growth requires the production of new ribo-

somes [5]. The rate-limiting step in this process is the
synthesis of ribosomal RNA (rRNA). Ku-mediated

repression of ribosomal gene transcription in mouse

has been reported [6]. Furthermore, a member of the

Ku protein family, non-histone protein 1 (NHP1) has
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been shown to be upregulated in differentiation of

mouse myoblasts and human promyelocytes [7].

A central role for heterotrimeric G-protein-mediated
signaling in cell proliferation, differentiation, and apop-

tosis has been established [8]. Various G-proteins have

been shown to regulate features of cellular differentia-

tion, such as adipogenesis [9,10]. The P19 embryonic

carcinoma cells provide a useful model for murine pre-

implantation development [11,12]. Three germ layers,

endoderm, mesoderm, and ectoderm, can be derived

from P19 cells through the use of appropriate culture
conditions and an inducer(s). Retinoic acid stimulates

P19 cells to differentiate into primitive endoderm, as de-

fined by the loss of the embryonic antigen SSEA-1 and

positive staining with the TROMA antibody, specific

for the cytokeratin endo A protein that is the hallmark

of the endodermal phenotype [13,14].

In this report, we show that Ku80 is required

for Ga13Q226L-induced P19 cell differentiation. Ku80
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modulates the RNA polymerase I-mediated transcrip-

tional activity in the P19 cells. However, Ku80 is not suf-

ficient to induce endodermal differentiation in these cells.
Fig. 1. P19 cells transfected with Ga13Q226L plasmid ectopically express

the constitutively active Ga13Q226L protein. Total protein was purified

from various stable P19 clones. One hundred micrograms of protein/

lane was separated by SDS–polyacrylamide gel electrophoresis on 10%

gels, transferred to nitrocellulose membranes, and probed with

primary antibodies to Ga13. To confirm equal loading, an antibody

against actin was used to detect actin in the various extracts (bottom

panel).
Materials and methods

Cell culture. The P19 embryonic carcinoma cells were purchased

from the American Type Culture Collection (Manassas, VA). Both the

stable transfectants and the wild-type clones were cultured in Dul-

becco�s modified Eagle�s medium supplemented with 10% fetal bovine

serum (Hyclone, Logan, UT) in a humidified atmosphere of 6% CO2.

Antibodies. A monoclonal anti-HA tag antibody (12CA5) was

purchased from Babco (Berkeley, CA). A goat polyclonal antibody

raised against human actin and a rabbit polyclonal antibody to Ga13
were obtained from Santa Cruz (California). Anti-Ku antibody

(autoimmune serum), OM [2,15] was a gift from Dr. Akira Suwa

(Medical College of Georgia, Augusta, GA).

Plasmids and stable transfection. pCHA-Ku80 plasmid [16] was a

gift from Dr. M. Hirakata (Medical College of Georgia, Augusta,

GA). An antisense oligo was synthesized against mouse Ku80 cDNA

spanning from nucleotide 181 to 219 (GATGAGATTGCGTTAGC

TCTCTATGGCACAGATGGCACTG). A blast alignment to this

region showed homology only with the Ku protein across species. The

two strands (sense and antisense) of the single-stranded oligonucleo-

tides were synthesized by Operon (Alameda, CA). The two strands

were then annealed to create the double-stranded antisense fragment of

DNA. The fragment was ligated to the XhoI and BglII sites of the pT-

Hygr plasmid vector. Plasmids harboring constitutively active mutant

form [17] Ga13 (pCDNA3-Ga13Q226L) were provided by Dr. Gary L.

Johnson (Department of Pharmacology, University of North Carolina,

Chapel Hill, NC).

Cell proliferation assay. For proliferation assays, P19 cells were

washed three times in DMEM/FCS, and 1 · 105 cells were cultured in

3 ml of P19 growth medium. Triplicate wells for each time point were

established at time zero. Each day for 4 days, the total number of

viable cells per well was determined by counting after the addition of

trypan blue. Results were plotted with the use of the Delta Graph

program (SSPS, Chicago, IL).

Immunoblotting. Total cell lysates were subjected to electrophoresis

in SDS on 10% polyacrylamide gels. The resolved proteins were

transferred electrophoretically to nitrocellulose blots. The blots were

stained with primary antibodies (anti-Ku or anti-Ga13 or anti-HA tag),

and the immune complexes were made visible by the electro-chemilu-

minescence kit (NEN Life Science Products) in tandem with a second

antibody coupled with horseradish peroxidase.

RNA polymerase I enzyme activity assay. Engaged RNA poly-

merase I, the fraction of the total pool of the enzyme, actively tran-

scribes chromatin. In P19 cells, the activity of the engaged RNA

polymerase I was measured [18,19]. The nuclei isolated from P19 cells

were incubated in the presence of 1 mM ATP, CTP, GTP, 1 lM UTP,

and 50 lg/ml a-amanitin. 3[H]UTP (1 lCi) was added to these reac-

tions which were incubated at 37 �C for 15 min. The reactions were

stopped by the addition of an equal volume of 0.1% SDS and spotted

onto DE-81 filters (Whatman). The filters were washed five times in 5%

sodium phosphate to remove unincorporated nucleotides. Filters were

dried and [3H]UTP incorporation was determined by liquid scintilla-

tion counting. The DNA content in the nuclear extract was quantitated

and used to calculate the engaged enzyme activity.

Indirect immunofluorescence staining of SSEA-1 and TROMA. The

staining of the embryonic antigen SSEA-1 with mAb MC-480 and the

endoderm-specific marker antigen cytokeratin endo A by the mono-

clonal antibody TROMA was performed with antibodies purchased

from the Developmental Studies Hybridoma Bank (University of Iowa,

Iowa City, IO). The P19 cells were cultured, stained, and subjected to

analysis by epifluorescence microscopy as described previously [14].
Results

Overexpression of constitutively active Ga13 upregulates

Ku (p80/p70) protein in P19 cells

Mouse embryonic carcinoma P19 cells were stably
transfected with the expression vectors harboring either

the pCDNA3 or Ga13Q226L. Overexpressed Ga13Q226L

was identified by immunoblots of extracts of P19 cells

(Fig. 1). Two of several stable clones were analyzed

for this purpose. The basal levels of Ga13 in control,

vector-transfected cells were undetectable due to rela-

tively low abundance compared to the overexpressed

Ga13Q226L, although P19 cells express endogenous
Ga13. To confirm equal loading, immunoblotting was

performed using an antibody to actin (Fig. 1, lower pa-

nel). A well-characterized Ku autoimmune antiserum

(OM serum) that recognizes the Ku heterodimer

(Ku80/Ku70) was used to detect the Ku proteins in the

P19 cells transfected with either the pCDNA3 or

pCDNA3-Ga13Q226L (Fig. 2). In the cells overexpressing

Ga13Q226L, the level of both the Ku polypeptides (Ku80/
Ku70) was upregulated significantly in the two clones

tested compared to the cells harboring the empty vector

(Fig. 2A). Another monoclonal antibody that recognizes

Ku70 was used to confirm this observation. In the two

clones tested, immunoblotting demonstrated a marked

increase in the Ku70 level (Fig. 2B). Antibody that rec-

ognizes rodent Ku80 only is not available to conduct a

similar experiment for Ku80.

Ga13Q226L-induced Ku80 upregulation is abrogated by

coexpression of an antisense Ku80 nucleotide

In order to delineate the role of Ku in Ga13Q226L-in-

duced differentiation, an antisense 32-mer oligonucleo-

tide was designed from the murine Ku80 cDNA

sequence. The double-stranded oligonucleotide frag-



Fig. 2. Constitutively active Ga13 upregulates Ku (Ku80/Ku70)

protein level in P19 cells. An immunoblot analysis was performed

taking 100 lg of total protein in each lane of a 7.5% SDS–polyacryl-

amide gel. Anti-Ku antiserum (OM) that recognizes the human and

murine Ku heterodimer (A) and a monoclonal antibody (N3H10) that

recognizes Ku70 (B) were used. Two different clones of Ga13Q226L

expressing cells are shown in comparison to the empty vector control.

The Ku polypeptides are marked with arrows.
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ment was inserted into an expression vector (pTHygr)

having the hygromycin-resistance (AS-Ku80). An

expression construct pCHA-Ku80 was also used to

ectopically overexpress Ku80. Immunoblot analysis of
extracts prepared from stable clones harboring pCHA-

Ku80 confirmed the expression of the exogenous Ku80

as detected by the use of an anti-HA tag monoclonal

antibody (Fig. 3A). The two stable clones overexpress-

ing Ga13Q226L expressed higher levels of Ku80 compared

to the control harboring the empty vector. Subse-
Fig. 3. Overexpression of Ku80 in P19 cells is achieved by transfection

with pCHA-Ku80 and downregulation of Ku80 is induced by

transfection of an antisense Ku80, AS-Ku80. (A) P19 cells were stably

transfected with PCHA-Ku80 and pCHA. Immunoblot analysis of the

cell extracts was performed using an antibody (anti-HA tag) against

the hemaglutinnin tag polypeptide expressed from the C-terminal end

of the pCHA-Ku80 vector. The position of HA-Ku80 is marked with

an arrow. (B) P19 cells were transfected either with PCDNA3 plus pT-

Hygr (lane, empty vectors), or PCDNA3 Ga13Q226L plus pT-Hygr

(lane, Ga13Q226L), or PCDNA3 Ga13Q226L plus pT-HygrAS-Ku80

(lane, Ga13Q226L + AS-Ku80). Immunoblot analysis of cell extracts was

performed using the anti-Ku antiserum (OM). Arrows indicate the

positions of Ku80 and Ku70.
quently, P19 cells were stably transfected with either

the empty vector or AS-Ku80 or pCHA-Ku80. Clones

of P19 cells stably cotransfected with Ga13Q226L and

AS-Ku80 were obtained after doubly selecting them

with a combination of G418 and hygromycin. In order

to examine the expression of the desired polypeptides
from the plasmids in the cells, an immunoblot analysis

was performed on the various cell lysates. Cells overex-

pressing Ga13Q226L showed a higher level of Ku polypep-

tides compared to the empty vector control (Fig. 3B). In

the cells coexpressing Ga13Q226L and AS-Ku80, both

the Ku80 and Ku70 were not detectable. The results sug-

gested a functional antisense interference indicating as

well that downregulation of Ku80 level could also result
in a decrease in the dimerizing partner, Ku70, probably

a matter of stabilizing interrelationship.

Overexpression of Ku80 retards proliferation rate in P19

cells

A growth-rate analysis showed a reduced prolifera-

tion rate in cells expressing Ga13Q226L and Ku80 (Fig.
4). Interestingly, cells overexpressing antisense Ku80

proliferated as fast as cells harboring the empty vector.

Furthermore, coexpression of AS-Ku80 with Ga13Q226L

resulted in a recovery in the slowed growth rate caused

by Ga13Q226L alone. These results demonstrate that
Fig. 4. Antisense Ku80 relieves P19 cells from growth retardation

induced by the constitutively active Ga13Q226L. Cells were stably

transfected separately with PCDNA3, Ga13Q226L, pCHAKu80,

Ga13Q226L plus pT-HygrAS-Ku80, and pT-HygrAS-Ku80. Prolifera-

tion curve of P19 clones overexpressing different proteins was

obtained. Analyses of multiple clones were performed, and a repre-

sentative clone for each cell line is presented. Triplicate culture wells

for each time point were established at time zero. Error bars represent

the standard deviation about the mean values.



Table 1

Engaged RNA polymerase I activity in P19 cells transfected with

various plasmids

Transfected cells [3H]UTP

incorporated (dpm)

DNA

(mg)

Specific activity

(dpm/mg)

PCDNA3 11061 8.5 1301

Ga13Q226L 5485 8.2 669

AS-Ku80 15680 8.5 1845

Ga13Q226L + AS-Ku80 11266 8.3 1357

PCHA-Ku80 2730 7.8 350

Stable clones of P19 cells harboring various plasmids were used for the

experiment. Cells were harvested and nuclei were isolated. Engaged

RNA polymerase activity was assayed as decribed in Materials and

methods. The results are presented for a typical experiment. These

experiments were reproduced three times with similar results.
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retardation of cell growth by Ga13Q226L in P19 cells is

mediated through Ku80.

Effect of overexpression and downregulation of Ku80 on

endodermal differentiation of P19 cells

To test if elevated expression of Ku80 is sufficient to

induce differentiation of P19 cells, clones stably express-

ing the Ku80 were used to immunostain for specific dif-

ferentiation markers. Immunostaining with endodermal

(TROMA-1) as well as ectodermal markers (SSEA-1)

revealed that these cells were not differentiated into the

endodermal phenotype (Fig. 5). Cells overexpressing

Ga13Q226L stained positive for endodermal differentia-
tion. In these cells SSEA-1 staining was also sparsely no-

ticed, indicating that these cells partially retained the

ectodermal marker expression. However, cells coex-

pressing Ga13Q226L and AS-Ku80 remained undifferenti-

ated showing no expression of TROMA-1. These cells

stained positive for the ectodermal marker, SSEA-1.

P19 cells overexpressing Ku80 show attenuated RNA

polymerase I activity

In eukaryotes, the genes that code for ribosomal

RNA are transcribed by RNA polymerase I. In order

to examine if in the differentiating P19 cells, Ku80 mod-

ulates the enzyme activity, engaged RNA polymerase I
Fig. 5. Coexpression of constitutively active Ga13Q226L and antisense

Ku80 (AS-Ku80) inhibits P19 cell differentiation and constitutively

active Q226L stimulates differentiation to an endodermal phenotype.

Stable clones of cells expressing either the empty vectors (PCDNA3

and pT-Hygr) or Ga13Q226L (PCDNA3Ga13Q226L + pT-Hygr) or

Ga13Q226L and AS-Ku80 (PCDNA3Ga13Q226L + pTHygrAS-Ku80)

were subjected to indirect immunofluorescence after staining with

antibodies specific for an embryonal marker (SSEA-1) or endodermal

marker (TROMA-1).
activity in the cells was measured. Three complementary

assays were performed for each experiment. The proce-

dure measured the RNA polymerase I activity that is

bound to chromatin actively transcribing DNA. Nuclei

were isolated from cells. The enzyme activity was deter-

mined by incubating the nuclei with nucleotides in the

presence and absence of a-amanitin and heparin. The

presence of a-amanitin in the assay inhibits RNA syn-
thesis by both RNA polymerase II and III, but not syn-

thesis by RNA polymerase I. The inclusion of heparin in

the assay and exclusion of exogenous template inhibit

reinitiation, allowing measurement of the enzyme that

is bound to chromatin and engaged in transcription.

The enzyme activity was quantitated and normalized

for the quantity of DNA in the assay (Table 1). The data

show that in P19 cells overexpressing Ga13Q226L, the en-
zyme activity is approximately 2-fold less than in cells

harboring the empty vector. Cells overexpressing Ku80

(PCHA-Ku80) showed a drastic reduction (�4-fold) in

the enzyme activity whereas cells harboring the antisense

Ku80 (AS-Ku80) demonstrated a slightly enhanced rate

(1.5-fold) of enzyme activity compared to that observed

in the cells harboring the empty vector. Coexpression of

Ga13Q226L and antisense Ku80 resulted in no change in
the enzyme activity compared to that in cells harboring

the empty vectors. These results indicate that Ku80 is in-

volved in modulating the RNA polymerase I activity in

P19 cells that could affect cell growth.
Discussion

G12 subfamily of proteins that include Ga12 and Ga13

is involved in cell growth and tumorigenesis [20–22]. The

involvement of Ga12 and Ga13 in P19 cell differentiation

has been documented earlier [13,14,23]. We have previ-

ously shown that the signaling cascade downstream of

Ga13 in P19 cells involves the MEKK4 pathway [24] cul-

minating in the activation of JNK1. However, other po-

tential targets have not been explored. In this study, we
have focused on a protein, Ku, that is a transcription



J. Kanungo et al. / Biochemical and Biophysical Research Communications 323 (2004) 293–298 297
factor as well as a somatostatin receptor [1,3]. Report on

the RNA Polymerase I transcription suppressive effects

of Ku presents a compelling clue that this protein in

association or alone could, in fact, affect cell growth

[25] and therefore may play a role in cell differentiation.

During F9 cell differentiation induced by retinoic acid,
rapidly growing teratocarcinoma cells are converted into

various cell types. These cells display a low rate of pro-

liferation and a downregulation of rDNA expression

[26]. Cell growth in non-lymphoid cells stimulates ribo-

somal gene transcription [27]. This notion is corrobo-

rated by additional reports on the reduction in rRNA

synthesis during myoblast and hematopoietic cell differ-

entiation [28,29]. Ku protein has been reported to inhibit
rDNA transcription [27]. A retarded cell growth via

repression of RNA polymerase I-mediated transcription

has been reported [26,30]. On the contrary, inhibition of

Ku heterodimer DNA end binding activity has been

shown during granulocytic differentiation of human pro-

myelocytic cell lines although the Ku protein level re-

mained unchanged [31]. In our present study, a

significant increase in the Ku (p80 and p70) was ob-
served in cells overexpressing Ga13Q226L. The antisense

Ku80 mRNA expression obliterated the enhancement

of Ku80 expression in Ga13Q226L-expressing cells,

thereby demonstrating a functionally potent antisense

effect. The level of Ku70 also decreased in these cells

expressing antisense Ku80, demonstrating that the loss

of one of the Ku subunits results in a loss of the other

subunit. This interdependence of the two Ku subunits
for their interaction and stabilization has been docu-

mented [32].

The cells coexpressing Ga13Q226L and AS-80 not only

proliferated almost at a control level, but also showed

no indication of undergoing differentiation. These re-

sults are in conformity with the demonstration that

Ku70�/� mouse fibroblasts undergo spontaneous neo-

plastic transformation [33]. In order to test the ability
of Ku80 to induce P19 cell differentiation, we expressed

Ku80 ectopically in the cells. The results demonstrated

that although Ku80 was able to retard cell growth to a

low rate as observed in cells overexpressing Ga13Q226L,

unlike the latter, it was not sufficient to drive P19 cells

to differentiate into an endodermal phenotype. Thus,

we show that Ku, especially Ku80, is required but not

sufficient for induction of differentiation in P19 cells sig-
naled by Ga13. Phosphorylation of JNK1/2 in vitro by

DNA-PK, and Ku80/Ku70 interaction with JNK1/2 in

human malignant glioblastoma cells upon DNA damage

has been reported [34]. In extension of our previous

studies that Ga13Q226L, mediates P19 cell differentiation

by activating JNK1, more experiments need to be per-

formed to prove if JNK1 and Ku80 are linked or sepa-

rate signaling pathways make use of the two proteins to
cause P19 cells to differentiate. Nonetheless, our results

demonstrate that Ku80 is an indispensable protein
downstream of Ga13Q226L signaling required for P19 cell

differentiation process.
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