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Nucleobindin-2 is a positive regulator for insulin-stimulated
glucose transporter 4 translocation in fenofibrate treated

E11 podocytes
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Abstract. The physiology of insulin signaling under normal and disease conditions is well studied in classical insulin target
tissues, but not in podocytes. To examine insulin stimulation of podocyte GLUTA4 translocation, we established a protocol
involving treatment with the PPARa agonist fenofibrate to induce E11 podocyte differentiation within 48 hours rather than
7-10 days, which is required for differentiation under the reported protocol. This allowed us to transiently introduce
GLUT4 reporter cDNA and RNAI and thereby to examine the regulatory pathway involved. Here we demonstrate that
treatment with 200uM fenofibrate for 36 hours following transfection had a dramatic effect on podocyte morphology,
induced several podocyte specific protein expression markers (G protein-coupled receptor 137B, chloride intracellular
channel 5, and nephrin) and resulted in insulin-stimulated GLUT4 translocation. In addition, Nucleobindin-2 was found to
constitutively associate with Septin 7 (the repressor of GLUT4 translocation), and knockdown of Nucleobindin-2 was
found to completely abrogate insulin-stimulated GLUT4 translocation. Together, these data suggest that Nucleobindin-2
may repress Septin7-induced inhibition of insulin-stimulated GLUT4 translocation in podocytes.

Key words: Nucleobindin-2, Podocyte, Insulin resistance, Glucose transporter 4 translocation, Insulin

NUCLEOBINDINS (Nucleobindin-1 [CALNUC,
NUCB1] and Nucleobindin-2 [NEFA, NUCB2]) are a
class of multi-domain Ca®* binding proteins that share
62% amino acid identify [1]. The cellular localization
of Nucleobindin-1 has been variously suggested to be
a nuclear protein [2], secreted protein [3, 4], a resident
endoplasmic reticulum protein [5] and as well as local-
ized to the cytoplasm [6]. Similarly, Nucleobindin-2
(NEFA) was also reported as localized to the cyto-
plasm, on the plasma membrane, as well as being
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secreted in the culture medium [7].

Nucleobindin-2 contains 420 amino acids that can
be further processed to generate an 82 amino terminal
peptide termed Nesfatin-1. However the physiological
action of Nucleobindin-2 is still poorly defined. It has
been reported that Nesfatin-1 but not Nucleobindin-2
is anorexigenic as Nesfatin-1 blocked food intake
whereas a Nucleobindin-2 mutant that could not be pro-
cessed into Nesfatin-1 was without effect [8]. Recently
Broberger et al. reported that Nucleobindin-2 co-local-
izes with insulin in rat and human pancreatic § cells
[9]. Since islet Nucleobindin-2 content isolated from
an animal model of type 2 diabetic rats was lower than
that of non-diabetic control animal, Nucleobindin-2
was suggested to play a regulatory role in insulin secre-
tion and as a potential contributor to diabetic pathol-
ogy [9]. Recently centrally administrated Nesfatin-1
was reported to increase peripheral and hepatic insulin
sensitivity by decreasing gluconeogenesis and promot-
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ing peripheral glucose uptake in vivo [10]. In addi-
tion, Nesfatin-1, but not Nucleobindin-2, was reported
to increase glucose uptake and GLUT4 translocation in
cardiomyocytes [11].

Recently, it has been reported that insulin stimu-
lates GLUT4 translocation of podocytes that it neg-
atively regulated by Septin7 [12].
podocyte slit diaphragm structure has been defined as
an important cause of proteinuria and proteinuria may
directly result as a consequence of podocyte insulin
resistance [13]. Thus a detailed understanding of nor-
mal and pathophysiologic insulin signaling is critical
for our understanding of kidney dysfunction in diabe-
tes and the metabolic syndrome. As the potential role
of Nucleobindin-2 in podocyte biology has not been
examined, we have determined that Nucleobindin-2 is a
novel Septin7 binding partner and that Nucleobindin-2
negatively regulates insulin-stimulated GLUT4 trans-
location in podocytes.

Materials and Methods

Reagents

GPR137B, Clic5, GLUT4, Nephrin, Syntaxin4,
Septin7, and Nucleobindin-2 polyclonal antibody were
obtained from Sigma-Aldrich. ECL and ECL+plus
Western Blotting Detection System were obtained
from GE Healthcare. The anti-mouse and anti-rab-
bit IgG-HRP were obtained from PIERCE. Cell cul-
ture media and reagents were from Invitrogen Life
Technologies. ShRNA constructs against Mus. muscu-
lus Nucleobindin-2 was purchased from OriGene. All
of other chemicals used in this study were purchased
from Sigma-Aldrich.

Cell culture

Studies involved use of a conditionally mouse
E11 podocyte cell line with modified culture condi-
tion. Usually the podocytes were cultured in RPMI-
1640 media containing 10% fetal bovine serum, 100U/
mL penicillin, and 100pg/mL streptomycin and were
propagated in a medium containing 10U/mL mouse
interferon-~y at 33°C [12, 14]. To differentiation, cells
were plated in collagen type I-coated flasks under the
nonpermissive condition (37°C without interferon-y)
for 7-10 days [12, 14]. However, under these condi-
tions, we are not able to perform the experiments com-
bined with transient transfection by electroporation
because the expressed protein will start to diminish 48

Disturbances of

hours after the transfection [15]. We therefore estab-
lished an efficient transfection methodology (approxi-
mately 70%) for the E11 podocyte cell line as previ-
ously we reported [16].

However we have to maintain the cells at 37°C
and lift up the cells by trypsinization. Then we have
to replate the electroporated cells in suitable plate and
let the replated cells differentiate at 37°C within the
next 48 hours. To explore this we tested proliferator-
activated receptor-a. agonist fenofibrate because pre-
vious study reported that peroxisome proliferator-
activated receptor-o. is renoprotective and attenuates
Doxorubicin-induced podocyte foot process efface-
ment [17]. Also, According to FIELD study, DAIS
study, and ACCORD Lipid study, fenofibrate was
proved to reduce microalbuminuria in diabetic patients
[18, 19, 20, 21]. Thus we speculated that fenofibrate
might contribute to differentiate podocytes. In this
manuscript we treated E11 podocytes with 200uM of
fenofibrate suspended in dimethy! sulfoxide.

Transfection of E11 podocytes

E11 podocytes were suspended by mild trypsiniza-
tion and electroporated with CsCl double banding plas-
mid under low-voltage condition (0.2kV, 950uF) [16].
The cells were then allowed to adhere to culture dishes
for 30-48 h. Twelve hours following electroporation,
either dimethyl! sulfoxide (1:1,000 dilution) or 200uM
of fenofibrate was added to the fresh culture medium to
induce E11 podocyte cell differentiation.

Immunoprecipitation and Immunoblotting

Scraped frozen cells were rocked for 10 min at 4°C
with NP-40 lysis buffer (25mM Hepes, pH 7.4, 10%
glycerol, 1% NP-40, 50mM sodium fluoride, 10mM
sodium phosphate, 137mM sodium chloride, 1mM
sodium orthovanadate, ImM PMSF, 10pg/mL apro-
tinin, 1pg/mL pepstatin, Spg/mL leupeptin). Insoluble
material was separated from the soluble extract by
centrifugation for 10 min at 4°C, and the total protein
amount in the supernatant was determined by BCA
method. Immunoprecipitations were performed by
using 2mg of the cell extracts incubated with 4 ug of
a Septin7 polyclonal antibody for 2 hours at 4°C. The
samples were then incubated with protein A-Sepharose
for 1 hour at 4°C. Either immunoprcipitaed samples or
whole cell lysates samples were resuspended in SDS
sample buffer (125mM Tris-HCI, pH 6.8, 20% (v/v)
glycerol, 4% (w/v) SDS, 100mM dithiothreitol, 0.1%
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(w/v) bromophenol blue), and heated at 100 °C for 5
min. Samples were separated by SDS polyacrylamide
gel electrophoresis (SDS-PAGE) and electrophoreti-
cally transferred to polyvinylidene difluoride mem-
branes. The samples were immunoblotted with mono-
clonal or polyclonal specific antibody.

GST fusion protein precipitation

Cell lysates from E11 podocytes treated with 200uM
of fenofibrate were incubated with either GST alone
or with GST-Nucleobindin-2 fusion proteins immobi-
lized on glutathione-agarose beads for 1 hour at 4°C
[22]. The beads were extensively washed three times
with the lysis buffer. The retained proteins were eluted
with SDS-sample buffer, heated at 100°C for 5 min
and separated by SDS-PAGE. The gel was stained by
GelCode Blue Stain Reagent (PIERCE) following the
manufacture’s instruction.

TOF-Mass analysis
TOF-Mass analysis was submitted to Filgen, Inc.

(Nagoya, Japan).

Quantification of insulin-stimulated GLUT4 translocation

Quantification of transfected GLUT4 transloca-
tion was determined using a qualitative colorimetric
assay as previously described [16, 23]. Briefly, E11
podocytes were co-transfected with 200ug of eGFP-
cMyc-GLUT4 plus 400pg of various other cDNAs
as indicated in each figure. Following basal or hor-
monal stimulation, the cells were cooled to 4°C and
incubated with a myc antibody followed by an HRP-
conjugated anti-myc antibody. The specific cell sur-
face bound HRP was then determined by incubation
with the o-phenylenediamine dihydrochloride peroxi-
dase substrate.

Statistical analysis

All values are expressed as mean +/- standard devia-
tion (S.D.). Data were evaluated for statistical signifi-
cance by analysis of variance and ¢ test using the InStat
2 program.

Results

Effect of fenofibrate on E11 podocytes
The FIELD, DIAS and ACCORD Lipid stud-

ies indicated that fenofibrate was effective at reduc-
ing microalbuminuria in diabetic patients [18, 19, 20,

21]. Fenofibrate is a selective peroxisome prolifera-
tor-activated receptor-a (PPARa) agonist that is renal-
protective and attenuates doxorubicin-induced podo-
cytes foot process effacement [17]. However there are
no reports studyting whether PPARa agonist affects
podocytes differentiation. To explore this possibility,
we treated E11 cells with and without fenofibrate. E11
podocytes treated with 200uM of fenofibrate resulted
in a dramatic morphological change after 8 hours and
were substantially elongated with increased arbori-
zation by 24 hours. In contrast, the E11 cells in the
absence of fenofibare did not undergo any significant
morphological change (Fig. 1A'b, ¢).

In Fig. 1B, we confirmed that fenofibrate treated
E11 podocytes expresses podocytes specific markers
as GPR137B, Clic5, Nephrin, and GLUT4 by western
blotting (Fig. 1B). Having established transient trans-
fection [9-16] and modified differentiation strategy, we
estimated GLUT4 translocation of cultured podocytes
with or without fenofibrate treatment using a GLUT4
reporter construct. As shown in Fig. 1C-a, insulin was
an ineffective stimulator of GLUT4 translocation in
undifferentiated E11 cells. In contrast, following feno-
fibrate treatment, insulin was capable of inducing an
approximately 2-fold stimulation of GLUT4 translo-
cation (Fig. 1C-b). This extent of insulin-stimulated
GLUT4 translocation is similar to that previously
reported using a conventional culture and differentia-
tion protocol [12, 14, 16].

Nucleobindin-2 was identified as a binding partner for
Septin7

To screen for potential Nucleobindin-2 binding
partners in podocytes, we mixed either GST or GST-
Nucleobindin-2 with lysates from differentiated E11
podocytes followed by SDS-PAGE and the gel was
stained with GelCode Blue (Fig. 2A). The approxi-
mately 50 kDa band indicated by the arrow in the GST-
Nucleobindin-2 lane was cut out and applied to TOF
mass spectrometry analysis for sequence identification
and multiple peptide sequences for Septin7 were found.
Immunoprecipitaion of Septin7 from control and insu-
lin-stimulated cells demonstrated that Septin7 directly
binds to Nucleobindin-2, consistent with the mass spec-
troscopy identification. However, there was no signif-
icant effect of insulin on the Septin7/Nucleobindin-2
interaction (Fig. 2B). Having a high quality of trans-
fection efficacy [16], we introduced Nucleobindin-2
RNAI that reduced Nucleobindin-2 protein levels by
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Fig. 1 Effect of fenofibrate on E11 podocytes

A) 200uM of fenofibrate started show morphological change 8 hours later (Fig. 1A-d) and completely changed E11 podocytes
as shown Fig. 1A-e. As a control, vehicle alone did not make any change (Fig. 1A-b, 1A-c). Data show representative experi-
ments independently performed and each experiment was repeated three times.

B) Estimation of quality about fenofibrate treated E11 podocytes is shown by western blotting. In this panel podocytes specific
marker proteins such as GPR137B, Clic5, and Nephrin are compared between fenofibrate untreated (left lane) and treated (right
lane) E11 cells. a-Tubulin blotting tells us each lane has equal protein loading amount. Data show representative experiments
independently performed and each experiment was repeated three times.

C) Estimation of GLUT4 translocation of E11 podocytes without or with fenofibrate treatment is represented. On the left pan-
el (Fig. 1C-a), GLUT4 translocation evaluated by colorimetric assay in E11 podocytes without fenofibrate is shown and on
the right panel (Fig. 1C-b) GLUT4 translocation evaluated by colorimetric assay in E11 podocytes with fenofobrate is shown.

Experiments were independently performed three times and expressed as the mean + S.D.

approximately 60-70% (Fig. 2C, upper panel). The
reduction in Nucleobindin-2 protein had no significant
effect on Septin7 protein levels (Fig. 2C, lower panel).
However, the loss of Nucleobindin-2 resulted in a
near complete inhibition of insulin-stimulated GLUT4
translocation with no significant effect on the basal
level of cell surface GLUT4 protein (Fig. 2D). Theses
data suggested that endogenous Nucleobindin-2 is
required for insulin-stimulated GLUT4 translocation
and may function as an inhibitor Septin7.

Discussion

Recently Nucleobindin-2 was reported to regu-
late insulin secretion, peripheral glucose uptake, and
hepatic gluconeogenesis and decreased Nucleobindin-2
expression has been suggested to partly account for sev-
eral metabolic consequences in diabetic animal models
[8-11]. In addition to the regulation of insulin secretion
and sensitivity in peripheral tissues, Nucleobindin-2/
Nesfatin-1 proteins have also been shown to regulate
hypothalamic function in the control of hepatic glu-
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A B
GST-NUCB2 pull down

Effect of insulin
on NUCB2/Septin7 interaction

GST GST-NUCB2

MW marker Whole cell lysates

InsO Ins30

IP: Septin7
Ins0 Ins30 (min)
<4— 42kDa

<«+— NUCB2

IB:NUCB-2

a4 52kDa
<4+— Septin7

IB:Septin7
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o

Effect of NUB2 knock down
on GLUT4 translocation

Confirmation of NUB2 knock down

a. Scrambled b. NUCB2 = 25 T
RNAI RNAI '::; “—>
IB:NUCB-2  «—  42Da g 2
<« NUCB2 2 #5% 20,001
< 1.5
- 1
2
©
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. o] 14
IB:a-Tubulin <+—a-Tubulin i
<+— 52kDa ©
= 0.5
5
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IB:Septin7 «— Septin? 0 Ins30 0 Ins30 (min)
Scrambled RNAi NUCB2 RNAi

Fig. 2 Nucleobindin-2 was identified as a binding partner for Septin7

A) We mixed either GST (lane 1) or GST-Nucleobindin-2 (lane 2) with clear lysates from E11 podocytes with fenofibrate treat-
ment and run on SDS-PAGE. The gel was conducted to GelCode Blue staining and the specific band (indicated by arrow in lane 2)
for GST-Nucleobindin-2 around 50 kDa was cut out and applied to TOF Mass analysis to identify the molecules. Data show rep-
resentative experiments independently performed and each experiment was repeated three times.

B) Co-immunoprecipitation experiment results by using Septin7 specific antibody is shown in lower panel. The samples were
obtained from cells treated without or with 100nM insulin stimulation for 30 min. In the upper panel, Nucleobindin-2 (NUCB2)
amount associated Septin 7 is shown. Theses experiments were independently performed three times.

C) We introduced Nucleobindin-2 RNAi by electroporation to knock down Nucleobindin-2 and reduced Nucleobindin-2 expres-
sion by 60-70% compared to control samples transfected with scrambled RNAi. Data show representative experiments inde-
pendently performed and each experiment was repeated four times.

D) Estimation of Nucleobondin-2 knock down effect on insulin-stimulated GLUT4 translocation in E11 podocytes is shown.
GLUT#4 translocation was estimated by colorimetric assay in the presence of 200uM of fenofibrate in E11 podocytes. Theses ex-
periments were independently performed three times and expressed as the mean + S.D.

cose production [10]. Despite these studies, the func-
tional role if any for Nucleobindin-2 in kidney func-
tion particularly podocytes insulin action has not been
addressed.

Fenofibrate was reported to protect podocytes from
doxorubicin-induced injury [17] but until today there
are no reports to clearly state that fenofibrate alone can
differentiate podocytes. We demonstrated that feno-
fibrate treated E11 podocytes showed morphological
change resembling those reported for the differentia-
tion of E11 podocytes by the conventional method [12,

14]. In addition, we observed the up regulation of sev-
eral podocyte specific markers (GPR137B, Clic5, and
Nephrin) indicating the formation of a podocyte phe-
notype [24]. It is important to note that the fenofibrate
treatment required only 2 days of treatment and was as
effective to the previous reported method that requires
7-10 days. In any case, our results are consistent with
a previous large-scale clinical trial showing that feno-
fibrate administration protects against microalbumin-
uria in diabetic patients [18-21]. As PPARy was also
reported to have renal protective function [14], future
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studies are needed to examine the relative contribu-
tions of PPARa and/or PPARy agonist in the differen-
tiation response.

In this report we also described a colorometric assay
for the quantification of GLUT4 translocation in dif-
ferentiated podocytes that was originally developed
for differentiated cultured 313-L1 adipocytes. In this
assay we need to express an exofacial myc tagged
GLUT4 and to perform the assay within 48 hours after
the transfection as differentiated podocytes due to the
transient nature of myc-GLUT4 expression. The abil-
ity of fenofibrate to induce E11 podocyte cell differen-
tiation within this time frame is necessary for the suc-
cessfulness of this approach.

This report presents evidence that Nucleobindin-2 is
expressed in podocytes and that Nucleobindin-2 is a
Septin7 binding partner, although this interaction does
not appear to be regulated by insulin. In several cell
types the cellular localization of Nucleobindins appears
to be variable with a distributions reported in most sub-
cellular compartments [1-7] and the subcellular distri-
bution within podocytes remains to be examined. A
previous study indicated that Septin7 inhibits insu-
lin-stimulated glucose uptake by blocking Nephrin-

VAMP?2 interactions [13]. Therefore Nucleobindin-2
expression status is potentially one mechanism to de-
press this inhibition. Interestingly, recently a podocyte
specific GLUT4 knockout mouse phenotype (podo-
cytes specific insulin resistance model) was reported
to be protective from diabetic nephropathy. The report
suggested that there might exist a compensatory mech-
anism to increase podocytes size (hypertrophy) despite
a reduction in podocytes number [25]. In human being
it is less likely to happen that GLUT4 null situation in
podocytes but there might exist similar compensation
mechanism exists and if so if it is impaired in diabetic
patients, treatment of insulin resistance from the point
of Nucleobindin-2 manipulation in podocytes would be
a promising approach to potentially rescue the risk of
diabetic nephropathy. In addition, future studies are
needed to determine the effect of Nucleobindin-2 defi-
ciency in vivo and whether Nucleobindin-2 expression
is altered under various physiologic and pathophysio-
logic states.
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Somatic mutations of the catalytic subunit of cyclic AMP-
dependent protein kinase (PRKACA) gene in Japanese
patients with several adrenal adenomas secreting cortisol
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Abstract. Somatic mutations of the catalytic subunit of the cyclic AMP-dependent protein kinase (PRKACA) gene have
recently been identified in about 35% of cortisol-producing adenomas (CPAs), with the affected patients showing overt
Cushing’s syndrome. Since we recently reported higher prevalence of mutations of the KCNJ5 gene and associations with
autonomous cortisol secretion in Japanese aldosterone-producing adenomas than in Western countries, there might be
different features of CPAs between Japan and the West. We therefore investigated mutations of the PRKACA gene in
Japanese patients with several adrenal tumors secreting cortisol, including overt Cushing’s syndrome, subclinical Cushing’s
syndrome, and aldosterone-producing adenomas (APAs) co-secreting cortisol operated on at Gunma University Hospital.
Of the 13 patients with CPA who showed overt Cushing’s syndrome, 3 (23%) had recurrent somatic mutations of the
PRKACA gene, p.L206R (c.617 T>G), and there were no mutations in subclinical Cushing’s syndrome. Among 33 APAs,
24 had somatic mutations of the KCNJ5 gene, either G151R or L168R, 11 (33%) had autonomous cortisol secretion, but
there were no mutations of the PRKACA gene. We established a PCR-restriction fragment length polymorphism assay and
revealed that the mutated allele was expressed at a similar level to the wild-type allele. These findings demonstrated that
1) the prevalence of Japanese patients with CPA who showed overt Cushing’s syndrome and whose somatic mutations in
the PRKACA gene was similar to that in Western countries, 2) the mutation might be specific for CPAs causing overt
Cushing’s syndrome, and 3) the mutant PRKACA allele was expressed appropriately in CPAs.

Key words: PRKACA, Cortisol-producing adenomas, Japanese

OVERPRODUCTION of adrenal cortisol induces
several characteristic manifestations, including moon
face, buffalo hump, striae, thin skin, and central obesity,
known as Cushing’s syndrome [1, 2]. Tumors secret-
ing cortisol in patients who did not show any symp-
toms typical of Cushing’s syndrome were described as
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subclinical Cushing’s syndrome [1, 3, 4], but this con-
cept is not universal, and the definition differs among
investigators and countries [5, 6]. In addition, we
and others, particularly Japanese investigators, have
reported an association of primary aldosteronism with
mild autonomous cortisol secretion [7-9].

The mechanisms underlying the tumorigene-
sis of adrenal cortisol-producing adenomas (CPAs)
and autonomous cortisol production are still largely
unknown. However, Beuschlein et al. recently suc-
cessfully identified the recurrent somatic mutation
p.L206R (c.617T>G) by exome analysis in the gene
encoding PRKACA, which encodes the catalytic sub-
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unit of cyclic AMP-dependent protein kinase (protein
kinase A [PKAY]), in 22 of 59 (37%) patients with CPA
who showed overt Cushing’s syndrome [10].

Goh et al also identified the PRKACA mutation
encoding p.L.206R at a similar prevalence, namely, 35%
of PCAs associated with overt Cushing’s syndrome
[11]. Leu206 directly interacts with the regulatory sub-
unit of PKA, PRKARIA. The hotspot p.L206R muta-
tion causes loss of this PRKARIA binding, increasing
the phosphorylation of downstream targets and caus-
ing constitutive activation of the PKA catalytic sub-
unit, which induces overproduction of cortisol and cell
proliferation [11].

We have recently reported high prevalence of
somatic mutation in a potassium channel gene, KCN.JS,
of approximately 70%, in Japanese patients with adre-
nal aldosterone-producing adenomas (APAs) and some
APAs co-secreting cortisol [12, 13]. In contrast, in
Western countries, the prevalence of the mutations has
been reported to be approximately 35-40% of APAs,
and cases of APAs co-secreting cortisol have rarely
been reported [14].

Therefore, there may be differences of PRKACA
mutations in CPAs and adrenal cortisol-secreting ade-
nomas between Japan and Western countries. In the
present study, we investigated the PRKACA mutations
in several adrenal tumors secreting cortisol, including
overt Cushing’s syndrome, subclinical Cushing’s syn-
drome, and APAs co-secreting cortisol.

Subjects and Methods

Subjects

We reviewed the medical records of 21 patients with
CPA and 33 patients with APA, who were operated on
at Gunma University Hospital during the period 2007-
2013. Each subject provided written informed consent,
and the study was approved by the ethics committee on
human research of Gunma University. The diagnosis
of Cushing’s syndrome was made in 13 female cases
(aged 54 £ 13 yr (mean + SD)) according to guidelines
published by the Endocrine Society [1]. The diagno-
sis of primary aldosteronism (PA) was initially per-
formed as previously reported [7, 15]. We also exam-
ined morning and midnight cortisol levels, as well as
1 mg dexamethasone suppression test (DST) results in
all the patients with suspected PA [7, 8, 16]. Failure
of cortisol to suppress the level to less than 3.0 pg/dl
(139.75 nmol/L) in the DST was used as a parameter

Nakajima et al.

for autonomous cortisol secretion in this study.

Plasma aldosterone levels were measured with the RIA
SPAC-S Aldosterone kit TFB; plasma renin activity, with
the RIA Renin IRMA KIT “Daiichi” TFB; plasma corti-
sol, with the RIA Cortisol kit “TFB” TFB; and ACTH,
with ECLIA Eclusys ACTH by Roche Diagnostics.

RNA extraction and detection of mutations of
PRKACA ¢DNA by PCR and direct sequencing

All specimens of adrenal tumor were frozen in lig-
uid nitrogen immediately after removal during oper-
ation. Total RNA was prepared from each adenoma
using ISOGEN (Nippongene, Toyama, Japan) accord-
ing to manufacturer’s instructions. Then, cDNA
was reverse-transcribed from 300 ng of total RNA
(TagMan Reverse Transcription Reagents, Applied
Biosystems, Tokyo, Japan). To sequence the PRKACA
c¢DNA, 1.0 uL of cDNA was used for the polymerase
chain reaction (PCR), as previously reported [17].
PCR solutions were prepared according to the man-
ual for AmpliTaq (Life Technologies, Carlsbad, CA,
USA) with a final volume of 50 ul. Each primer
used for PCR was set in a different exon, 5°F1,
5’-CCTGACCTTTGAGTATCTGCACT-3" (forward
primer)and h3’R1,5’-CGGCCATTTCATAGATAAGA
ACC-3’ (reverse primer) in putative exons 6 and 7
(ENSTO00000308677). After denaturing for 2 min
at 94°C, amplification was performed for 35 cycles
at 94°C for 30 sec, 58°C for 30 sec, and 72°C for 1
min using a GeneAmp PCR system 9700 (Applied
Biosystems, Tokyo, Japan). The PCR products (244
bp) were purified with an AxyPrep PCR clean-up kit
(AXYGEN Biosciences, Union City, CA, USA) for
sequencing. These samples were directly sequenced
using an Applied Biosystems 3730xI (Applied
Biosystems, Tokyo, Japan).

In cases in which mutation of the PRKACA gene
was identified, we sequenced the mutated nucleo-
tide of the genomic DNA from peripheral blood using
primers 5’-GTTTCTGACG GCTGGACTG-3’ and
5’-CGGCCATTTCATAGATAAGAACC-3’ under the
same PCR conditions as described above.

PCR-RFLP assay

We performed a polymerase chain reaction-re-
striction fragment length polymorphism assay (PCR-
RFLP) in CPAs with p.L206R (c.617T>Q), since this
mutation produces a site that cannot be digested with
the BciT130 I (EcoR 11, Mva I) (Takara Shiga, Japan)
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restriction enzyme. The 213-bp fragment encompass-
ing the 617T>G mutation in cDNA was generated using
the primers 5°-CCTGACCTTTGAGTATCTGCACT-3’
and 5’-CACCAGTCCACGGCCTTGTTGTA-3’. PCRs
were performed as above. The wild-type cDNA was
cut with BciT130 I into two fragments of 162 bp and
52 bp (not detected), while the mutated allele remained
uncut, and similarly the wild-type genomic DNA was
cut into fragments 127 bp and 147 bp in length. The
fragments were resolved on a 2% agarose gel. We
compared the density of the 213-bp and 162-bp frag-
ments after digestion to evaluate the ratio of levels
of the mutated and wild-type PRKACA mRNA. The
bands were quantitatively measured using Molecular
Imager FX (Bio-Rad Laboratories, Inc., Tokyo, Japan).
All experiments were repeated at least twice.

Statistical analysis

All results are expressed as the mean = SD for con-
tinuous variables and as absolute numbers. Statistical
analyses were performed with ANOVA and Student’s ¢
test using JMP 10.0.2 (SAS Institute Inc., Cary, NC).

Table 1 Clinical features of 13 patients with Cushing's syndrome

Results

Mutations of the PRKACA gene in patients with CPAs
and other adrenal adenomas secreting cortisol

Table 1 shows the clinical features of patients with
Cushing’s syndrome. All patients showed symptoms
typical of Cushing’s syndrome. Mean tumor size
(maximum diameter) on CT was 28 + 4 mm. The
24-h urinary free cortisol excretion in 12 patients was
over 200 pg/day, except for 1 case with 81.8 pg/day.
In all patients, plasma ACTH levels were undetect-
able (Table 1). Furthermore, the pathology in all cases
was confirmed as adrenocortical adenoma. We exam-
ined mutation of the PRKACA gene in these 13 patients
and found that 3 CPAs had somatic mutations of the
PRKACA gene. As shown in Fig. 1 (lower panel),
mutations were concentrated at nucleotide T 617 bp
downstream of the translation start site, and the con-
version of T to G causing the substitution of leucine
(L) by arginine (R) at residue 206 (p.L206R), which
is the same substitution as reported by Beuschlein et
al. [10]. Furthermore, we also confirmed that there
were no germline mutations of PRKACA in DNA from

Midnight 24 hurine

A S%eiciﬁc_ d Metabolic disorders
Pt (y%? Sex cussigr;gsm (Yes/No) complications
(Yes/No) obesity HT HL DM/IGT

Yes -

Tumor
ACTH  serum : 1 mgDST ‘. .
(pw/mL) Eog/hsﬁ§ (ﬁ)gr/t(lg;l) (ug/dL) (rslirzr?) PRKACA mutation
1

95

A28

PRKACA mutation represents a heterozygous mutation

the guidelines of the Endocrine Society. HT, hypertension, The diagnosis of hypertension was made according to the 2014 guidelines of
The Japanese Society of Hypertension. DM/IGT includes diabetes mellitus and impaired glucose tolerance, The diagnosis of diabetes
mellitus and glucose tolerance were made according to the 2006-2007 guidelines of The Japan Diabetes Society. HL, hyperlipidemia,
Hyperlipidemia was evaluated according to the 2007 guidelines of Japan Atherosclerosis Society. 1 mg DST, serum cortisol levels in
the 1 mg dexamethasone suppression test. Tumor size is the maximum diameter of the tumor observed in the CT study. “Pt. 2 and Pt.
11 underwent 8 mg dexamethasone suppression test. " "No data were available. **"Pt. 3 was diagnosed with primary aldosteronism at the
opposite side of cortisol-producing adenoma by performing adrenal vein sampling.
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PRKACA Wild-type peripheral blood of the 3 patients with mutations (lower

E Y L A P E Y L A P panel, Blood).
Eadiadbrdlcdlet  Eadfadbrdscdlcd As shown in Table 2, we next examined the tumors
of 8 patients who showed autonomous cortisol secre-
tion. Serum ACTH levels in most patients were below
10 pg/mL, except for patient 2 with 14.9 pg/mL.
Fractionated urine cortisol levels were within normal
Blood Tumor GDNA limits or slightly elevated, but below 150 pg/day. None
of the patients showed suppression of serum cortisol
level below 3 pg/dL after overnight loading of 1 mg of
PRKACA c.617 T>G dexamethasone (1 mg DST). Mean tumor size was 32

™ -
P
S

E Y LW A P 4+ 10 mm. We found no mutations of the PRKACA gene
Endbadbtdscd Lot inthese 8 adenomas.

(T3 Table 3 shows the clinical features of 33 cases of
APAs. Among these APAs, 24 were harboring somatic
KCNJ5 mutations of either G151R or L168R, and 11
had autonomous cortisol secretion. None of the patients
had any Cushingoid signs, except patient 11 in Table 3,
who showed a slight moon face. However, these 11
Fig. 1 Sequences of mutations of the PRKACA gene in CPAs cases showed no suppression of serum cortisol level
Representative sequences of peripheral blood DNA  below 3 pg/dL by 1 mg DST. As seen in tumors show-
(Blood) and tumor ¢DNA of the mutant PRKACA are o qubclinical Cushing’s syndrome, urine cortisol lev-
depicted. L.206R T/G represents heterozygosity for an . e
T-to-G transition 617 bp from the translation start site els of these 11 patients were within the normal range or
in the PRKACA gene, resulting in a leucine-to-arginine  Slightly high, but below 150 pg/day. We examined the
substitution at codon 206 (c.617T>G, p.L206R). No  mutation of the PRKACA gene in all of the 33 APAs,
mutations were identified in the peripheral blood DNA. but there were no such mutations in tumors showing

I

i TurA T

Table 2 Clinical features of 8 patients with subclinical Cushing’s syndrome

Specific Metabolic disorders Midnight ;
Gex Cushingoid (Yes/No) complications ACTH serum 24 hrine 1 ing Tumor ppgycy
‘ signs piications (pg/mL) cortisol cortiso 128 mutation
(ng/dL) (ng/day) (ng/dL) (mm)

(Yes/No)  obesity HT HL  DM/IGT
P caR e ——

8 60 F  No Yes Yes Yes yes ~ areriosclerosis 5, g0 514 129 48 Wild type

obliterans

PRKACA mutation represents a heterozygous mutation of ¢.617T>G (p.L206R). M, male; F, female. Specific cushingoid signs refer
to the guidelines of the Endocrine Society. HT, hypertension. DM/IGT includes diabetes mellitus and impaired glucose tolerance. HL,
hyperlipidemia. 1 mg DST, serum cortisol levels in the 1 mg dexamethasone suppression test. Tumor size is the maximum diameter of
the tumor observed in the CT study. “Pt. 3 underwent 8 mg dexamethasone suppression test. ~ No data were available. ~Pt. 3 was
diagnosed with primary aldosteronism at the opposite side of cortisol-producing adenoma by performing adrenal vein sampling.
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Table 3 Clinical features of 33 patients with aldosterone-producing adenoma with or without hypercortisolism

Specific Mild Midnight 54} \rine  PREACA
Pt ‘?ygg Sex cussz%:d hyp%{ce?}gjsgism (pI;/ H?L) (ngljr}i%/h) 1 mg DST @g%‘ﬁ‘) (%;%IE% (ﬁ’gr/‘é;‘;l) ?g{:‘sa‘/ﬁz)‘; Mutation
i e 1))
2 ¢.503T>G (p.L168R)
3 T>G (pLI6SR)
4 60 F  No Yes 14 04 Yes <5 105 865 No Wild type
6 57 M No Yes 26 01 Yes No  c451G>A (p.GI5IR)

Wild type

10 53 M No Yes 330 0.5 Yes 22.5 9.4 63.3 No

12 68 F No No 139 <0.1 * 22.3 3.6 21.3 No Wild type

14 35 F No No 287 . 19.7 47 33.3 No  ¢451G>C (p.G151R)
16 64 M No No 521 <0.1 No 279 37 * No  c451G>A(p.GI5IR)

18 61 M No No 484 0.2 No 22 1.4 102 No Wild type

20 63 F  No No 363 <0.1 No 295 23 30.5 No  ¢451G>C (p.GI5IR)

22 50 M No No 426 0.2 No 10.8 2.5 36.2 No c.451G>A (p.G151R)

26 52 M No No 693 0.3 No 44 4.4 132 No c451G>A (p.G151R)

PRKACA mutation represents a heterozygous mutation of ¢.617T>G (p.L206R). KCNJ5 mutation represents a heterozygous mutation
of ¢.451G>C (p.G151R), c.451G>A (p.G151R), or ¢.503T>G (p.L168R). M, male; F, female. Specific cushingoid signs refer to the
guidelines of the Endocrine Society. 1 mgDST, serum cortisol levels in the 1 mg dexamethasone suppression test. Mild hypercortisolism
was defined as at least one abnormal result of suppressed plasma ACTH levels below 10 pg/mL, midnight serum cortisol levels above 7.5
pg/dL, or a 1 mg dexamethasone suppression test result > 3.0 pg/dL. I mg DST, a 1 mg dexamethasone suppression test result > 3.0 pg/
dL is indicated as Yes. " No data were available.
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either pure APA or APA co-secreting cortisol.

Ratio of wild-type and mutated PRKACA mRNA
levels examined by PCR-RFLP

To evaluate the expression of mutant mRNA, we
performed a PCR-RFLP assay on the CPAs with the
mutation p.L.206R (c.617T>@G), namely, patients 1-3 in
Table 1. As shown in Fig. 2, the 213-bp band corre-
sponded to the amplified cDNA and the 273-bp band
was amplified genomic DNA that included a short
intron, 148 bp in length. The complete digestion by
the enzyme was confirmed by PCR fragments of the
genomic DNA, and no band remained after digestion.
The density of the 213-bp fragment after digestion with
the BeiT130 I restriction enzyme was similar to that of
the 162-bp fragment (the ratio of 213-bp /162-bp frag-
ment (101.8 & 1.4%, n=3)), suggesting that the mutant
mRNA ¢.617T>G may be expressed at a level similar
to that of the wild type.

Discussion

In the present study, we identified heterozygosity for
an T-to-G transition 617 bp from the translation start
site in the PRKACA gene (c.617T>G) in 3 of 13 of
the patients, which is the same mutation as reported
by Beuschlein ef al., resulting in a leucine-to-arginine
substitution at codon 206 (p.L206R) [10]. Beuschlein
et al. reported another mutation, ¢.595 596insCAC, in
1 case of overt Cushing’s syndrome [10] . However,
we did not find the same mutation in our cases. During
the preparation of this manuscript Cao ef al. and Sato
et al. reported a higher prevalence (approximately 67%
and 52%, respectively) of the same mutation of the
PRKACA gene in Chinese and Japanese CPAs show-
ing overt Cushing’s syndrome [18, 19]. However, we
found a similar prevalence of the mutation as that in
Western countries. This may be due to differences
in the severity of disease or environmental factors,
although this requires further study.

Although the term “preclinical” Cushing’s syn-
drome was previously proposed, the term “subclini-
cal” Cushing’s syndrome describes this condition more
accurately, as it does not imply any assumption about
the further development of a clinically overt syndrome
[20, 21]. Since the prevalence of overt Cushing’s syn-
drome caused by adrenal adenoma in the general pop-
ulation is markedly lower than the prevalence of sub-
clinical Cushing’s syndrome in patients with clinically

PRKACA c.617T>G M _PRKACAWildtype  (bp)

mRNA DNA mRNA DNA

Enzyme () (+) () () 1O I O I O B )

Fig.2 PCR-RFLP assay of CPAs with ¢.617T>G, p.L206R
The wild-type fragment had the site digested by the
BeiT130 [ restriction enzyme. The 213-bp PCR product
encompassing the 617T>G mutation was digested
with BeiT130 [, and the fragments were resolved on a
2% agarose gel. The wild-type allele was cut into two
fragments of 162- and 52-bp, while the mutated allele
remained uncut. Similarly, the wild-type genomic DNA
was cut into fragments 127 bp and 147 bp in length. We
compared the density of the 213-bp and 162-bp fragments
after digestion to evaluate the ratio of the levels of
mutated and -wild-type PRKACA mRNA. We found that
the mutant mRNA was expressed at a level similar to that
in the wild-type. Representative data are shown. ‘Enzyme’
refers to digestion with a restriction enzyme, BeiT130 1,
and lane M is a molecular marker ladder.

non-functioning adrenal adenoma, it is rather inappro-
priate to consider subclinical Cushing’s syndrome as an
early stage of the development of overt hypercortisone-
mia [20, 22]. Neither we nor Beuschlein et al. found
mutations of the PRKACA gene in cases that showed
subclinical Cushing’s syndrome, so these findings fur-
ther support the evidence that the origin of the tumors
showing overt Cushing’s syndrome differs from that of
tumors showing subclinical Cushing’s syndrome [10].
Although Sato ef al. found the mutation in one case out
of 9 tumors showing subclinical Cushing’s syndrome,
this may be due to the difference of the definition of
subclinical Cushing’s syndrome used for the diagnosis
[19]. Sato et al. diagnosed patients who had an inciden-
tally discovered adrenocortical adenoma and no typical
symptoms or signs of Cushing’s syndrome.

We previously reported that some APAs showing
clear autonomous cortisol secretion had mutation of
the KCNJ5 gene, suggesting that these tumors had the
same features as APAs not co-secreting cortisol [13].
In a previous study, we defined the patients with all of
the following criteria as having “clear cortisol secre-
tion”: 1) low ACTH level <10 pg/mL, 2) suppressed
accumulation of adosterol in scintigraphy on the intact
side of the adrenal gland, and 3) post-adrenal insuffi-
ciency [13]. In the present study, we used serum morn-
ing cortisol level not being suppressed below 3 pg/dL
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by 1 mg DST as a parameter of mild hypercortisolemia,
but we did not find any PRKACA mutations in these
tumors, even without KCNJS mutations. Furthermore,
some APAs co-secreting cortisol had KCNJ5 mutation,
suggesting that these tumors seem to be close to the
features of APAs, rather than CPAs.

We established a simple assay to detect the muta-
tion hotspot of the PRKACA gene using PCR-RFLP.
The mutation causes loss of the enzyme site for diges-
tion by the BeiT130 I restriction enzyme. Although the
sequence spike of the mutated allele seems to be lower
than that of the wild-type allele in the present study and
the same phenomenon has been described in reports by
Beuschlein ef al. [10] and Cao ef al. [18], the results
demonstrate that the mutated allele was expressed as
was the wild-type allele.

Cao ef al. also identified other somatic mutations
co-localizing with PRKACA mutations in CPAs,
including activating CTNNB1 mutations and an APC
truncating mutation, activating GNAS (stimulatory
G-protein o subunit), mutations in cancer-related genes
such as ARIDIA and STAT3, and recurrently mutated
GPRO98 [18]. Sato et al. also found a GNAS mutation

in some CPAs [19]. In addition, Goh et al. reported
that some CPAs had many somatic copy number vari-
ants (CNVs), with frequent deletion of CDC42 and
CDKN24, amplification of 5¢31.2, mutations of TP53
or RB1, CTNNBI1 (b-catenin), or GNAS [11]. In the
present study, we did not find PRKACA mutations in
any of the cases of subclinical Cushing’s syndrome and
APAs associated with cortisol. Therefore, the other
mutations mentioned above may be involved in the
pathophysiology of cortisol secretion in these tumors.
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ABSTRACT

Emerging evidence has indicated that the transcription and processing of precursor mRNA (pre-mRNA)
are functionally coupled to modulate gene expression. In collaboration with coregulators, several steroid
hormone receptors have previously been shown to directly affect alternative pre-mRNA splicing coupled
to hormone-induced gene transcription; however, the roles of the thyroid hormone receptor (TR) and its
coregulators in alternative splicing coordinated with transcription remain unknown. In the present study,
we constructed a luciferase reporter and CD44 alternative splicing (AS) minigene driven by a minimal
promoter carrying 2 copies of the palindromic thyroid hormone-response element. We then examined
whether TR could modulate pre-mRNA processing coupled to triiodothyronine (T3)-induced gene tran-
scription using luciferase reporter and splicing minigene assays in Hela cells. In the presence of cotrans-
fected TRB1, T3 increased luciferase activities along with the inclusion of the CD44 variable exons 4 and 5
in a dose- and time-dependent manner. [n contrast, cotransfected TRB1 did not affect the exon-inclusion
of the CD44 minigene driven by the cytomegalovirus promoter. T3-induced two-exon inclusion was sig-
nificantly increased by the cotransfection of the TR-associated protein, 150-kDa, a subunit of the TRAP/
Mediator complex that has recently been shown to function as a splicing factor. In contrast, T3-induced
two-exon inclusion was significantly decreased by cotransfection of the polypyrimidine tract-binding
protein-associated splicing factor, which was previously shown to function as a corepressor of TR. These
results demonstrated that liganded TR in cooperation with its associating cofactors could modulate
alternative pre-mRNA splicing coupled to gene transcription.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

have been estimated to generate multiple protein isoforms derived
from alternative splicing (AS) [3]. Aberrant pre-mRNA splicing

Gene transcription is orchestrated by the coordinated efforts of
ATP-dependent chromatin remodeling, histone modification, tran-
scription initiation, elongation, and termination, and RNA process-
ing [1,2]. Although each of these biochemical reactions is
accomplished by diverse protein complexes, communication
between transcription factors and RNA splicing factors indicates
co-transcriptional RNA splicing, which is performed by one general
gene expression machine {1,2]. Alternative pre-mRNA splicing is
regulated temporally and spatially and is a major source of protein
diversity for higher eukaryotes. More than 90% of genes in humans
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371-8511, Japan. Fax: +81 27 220 8136.
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caused by mutations in consensus splice regulatory sequences
and functional mutations in splicing factors have been reported
to play pathogenic roles in various human disorders including
endocrine and metabolic diseases, cancers, hematological malig-
nancies, and neurodegenerative diseases [4-6]. Therefore, eluci-
dating the mechanisms underlying pre-mRNA processing in more
detail is important for understanding the pathogenesis of human
diseases caused by deranged RNA splicing and the development
of new treatment strategies.

Nuclear hormone receptors (NRs) are transcription factors that
bind hormone response elements located in the responsible geno-
mic regions of target genes and regulate gene transcription in
ligand-dependent and -independent manners [7,8]. Previous
findings confirmed that NRs dynamically interacted with diverse
classes of transcriptional coregulators (TCRs) to regulate target
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gene transcription [9-11]. These TCRs possess intrinsic and associ-
ated enzymatic activities and modulate the recruitment of RNA
polymerase Il (pol II) to the transcription start site mainly by the
ATP-dependent remodeling of chromatin structures and epigenetic
modification of histone tails [9-111 Emerging evidence has indi-
cated that several NRs including the peroxisome proliferator-
activated receptor (PPAR)y, estrogen receptor (ER), progesterone
receptor (PR), and androgen receptor (AR) may coordinate hor-
mone-induced gene transcription with pre-mRNA processing in
collaboration with specific TCRs and/or splicing factors {12-16].
Triiodothyronine (T3) activates the thyroid hormone receptor
(TR), which binds to the thyroid hormone-response element
(TRE) in both the absence and presence of a ligand [17], and has
previously been shown to modulate the AS of beta-amyloid and
TRa genes expressed in cultured cells [18,19]. The TR-associated
protein, 150-kDa (TRAP150) (also known as TR-associated pro-
tein3, THRAP3), was originally isolated as a subunit of the TRAP/
Mediator complex, which can be recruited to liganded TR and facil-
itate the recruitment of pol Il to initiate transcription |20}, and has
recently been shown to play a role in pre-mRNA splicing [21-231.
In addition, the polypyrimidine tract-binding protein (PTB)-associ-
ated splicing factor (PSF) (also known as splicing factor proline/
glutamine-rich, SFPQ), initially isolated as a protein that interacted
with PTB {24} and was recently shown to associate with the DBIRD
complex, which integrates AS and pol Il transcript elongation [25],
has previously been reported to function as a transcriptional core-
pressor of NRs including TR {26-28]. Taken together, these findings
suggest that TR could regulate not only gene transcription, but also
pre-mRNA processing in coordination with TRAP150 and/or PSF.
However, the co-transcriptional regulation of AS by TR has not
yet been examined.

In the present study, we constructed a luciferase reporter vector
and CD44 AS minigene driven by the identical minimal promoter
carrying the palindromic TRE and examined whether liganded TR
could modulate the alternative splicing of CD44 variable exons
coupled with gene transcription in collaboration with TRAP150
and/or PSF.

2. Materials and methods
2.1. Cell cultures

HelLa cells were were split 24 h before transfection and cultured
in DMEM containing resin-charcoal double stripped 10% fetal
bovine serum during the T3 treatment as previously described
[29,30].

2.2. Plasmids

The expression vectors of human TRB1 (pKCR,-hTRB1),
TRAP150 (pSV-SPORT-hTRAP150), and PSF (pCS3+MT-hPSF) were
described previously [29-31]. The pGL4.23[luc2/minP] vector
containing firefly luciferase (Luc2) ¢cDNA under the control of a
minimal promoter containing a TATAA box was obtained from
Promega Corporation (Madison, MI). The DNA fragment containing
two copies of palindromic (PAL) TRE (AGGTCATGACCT) was
amplified by PCR using a primer pair as described [32] and a
2 x PAL-thymidine kinase luciferase vector [32] as a template.
The PCR amplified fragment was ligated into the pGEM-T Easy vec-
tor (Promega Corporation) to yield pGEM-T Easy-PAL, and the
EcoRI digested fragment was then ligated into the EcoRI site of
pGEM11Zf (Promega Corporation) to yield pGEM11Zf-PAL. The
DNA fragment obtained by the Sacl digestion of pGEM11Zf-PAL
was finally ligated into the Sacl site of pGL4.23[luc2/minP]
(pGL4.23 PAL-Luc). The cytomegalovirus (CMV) promoter-driven

CD44 minigene (CMV-CD44) was described previously [13]. The
CMV-CD44 minigene contains a genomic DNA fragment including
variable exons 4 (v4) and 5 (v5) of the CD44 gene along with their
surrounding introns in the intron between exon 1 and exon 2 of the
human B globin gene (CD44 minigene cassette) [33]. Luc2 cDNA in
pGL4.23 PAL-Luc or pGL4.23{luc2/minP] was excised by Ncol and
Xbal digestion and replaced by the PCR-amplified CD44 minigene
cassette to obtain pGL4.23 PAL-CD44 or pGL4.23 minP-CD44,
respectively. The proper construction of pGL4.23 PAL-Luc,
pGL4.23 PAL-CD44, and pGL4.23 minP-CD44 was verified by nucle-
otide sequencing.

2.3. Lipofection, RNA isolation, and RT-PCR

Plasmids were transfected into Hela cells in 60-mm culture
dishes using Lipofectamine 2000 reagent (Invitrogen, Life Technol-
ogy Corporation, Tokyo, Japan). The total amounts of the transfec-
ted plasmids were adjusted using empty expression vectors. After
incubation with T3 (Sigma Aldrich Japan, Osaka, Japan), total RNA
was isolated using Isogen (Nippon Gene Co., Ltd., Tokyo, Japan). AS
minigene assays were performed according a previously described
protocol |13} with modifications. Briefly, 5 g of total RNA was
treated with RQ1 DNase (Promega Corporation) at 37 °C for
30 min followed by the inactivation of DNase with the addition
of the Stop buffer (Promega Corporation) at 65°C for 10 min.
DNase-treated RNA was denatured for 5 min at 65 °C and annealed
with an antisense primer complementary to the sequence in exon
2 of the human B globin gene (HBB-AS: 5-CCATAACAGCATCAG-
GAGTG-3'). First strand cDNA was synthesized using Superscript
Il reverse transcriptase (Invitrogen) at 50 °C for 30 min according
to the manufacturer's protocol. One microliter of the cDNA sample
was subjected to PCR in a total volume of 50 pl using AmpliTaq
DNA polymerase (Applied Biosystems by Roche Molecular
Systems, Inc., Branchburg, NJ) and a PCR primer pair; sense 5'-
ACGTGGATGAAGTTGGTGGT-3', which was complementary to exon
1 of HBB (HBB-S), and HBB-AS. The PCR conditions used were dena-
turing at 94 °C for 30 s, annealing at 60 °C for 45 s, and extension at
72 °C for 1 min for 35 cycles. The PCR products were subjected to
electrophoresis in agarose gels containing ethidium bromide, and
band intensities were quantitated using an image analyzer. The
proper amplification of AS products was verified by nucleotide
sequencing.

2.4. Luciferase assay

Hela cells were split into 6-well plates and pGL4.23PAL-Luc
along with TR expression vectors or an empty expression vector
were transfected using a calcium phosphate precipitation method.
The luciferase assay was performed as described [29,30].

2.5. Statistical analysis

Statistical analysis was performed using ANOVA, followed by
Turkey’s multiple comparison tests. Significance was set at
p<0.05.

3. Results

To examine whether TR could modulate transcription-coupled
alternative pre-mRNA splicing, we constructed a luciferase repor-
ter vector and CD44 AS minigene driven by the identical minimal
promoter carrying PAL-TRE (Fig. 1). Three alternatively spliced
RNA products could theoretically be generated at different levels
from this CD44 minigene cassette that included two exons (v4
and v5), one exon (v4 or v5), or no exon in the context of the
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Fig. 1. Construction of a luciferase reporter vector and AS CD44 minigene driven by a minimal promoter carrying the palindromic TRE (PAL). pGL4.23 PAL-Luc, pGL4.23 minP-
(D44, and pGL4.23 PAL-CD44 were constructed as described in the Section 2. The positions of multiple cloning sites (an open box), CD44 minigene cassette, the ampicillin-

resistant gene (Amp"), and simian virus (SV) 40 late poly (A) signal are indicated.

driving promoter or transfected cultured cells [13,15,16]. We then
cotransfected PAL-Luc or PAL-CD44 with the TRB1 expression vec-
tor into HeLa cells and luciferase and minigene assays were per-
formed in parallel 24h after incubations with increased
concentrations of T3. In the agarose gel electrophoresis of RT-PCR
products, only one-exon (v5)-included CD44 RNA was observed
in the absence of T3, whereas T3 significantly increased RNA
including v4 and v5 in a dose-dependent manner (Fig. 2B). In par-
allel with the increase of the two-exon inclusion by T3, T3 signifi-
cantly stimulated the promoter activity of PAL-Luc in a dose-
dependent manner (Fig. 2A). T3 also increased the inclusion of
two variable exons in a time-dependent manner, and this appeared
to be in parallel with the promoter activities of PAL-Luc stimulated
by T3 (Fig. 2D and C). These results indicated that T3 could coordi-
nately regulate the transcription of PAL-Luc and AS decision of
PAL-CD44 minigene in a dose- and time-dependent manner in
the presence of cotransfected TR.

T3 may alter the expression levels of cellular splicing factors,
thereby increasing the two-exon included transcript generated
from PAL-CD44; therefore, we evaluated whether the AS of the
CMV-CD44 minigene lacking functional TREs could be influenced
by cotransfected TR. As shown in Supplementary Fig. 1, two-exon
and 0-exon included RNA was detected from the CMV-CD44 mini-
gene (the upper panel), whereas cotransfected TRB1 did not
increase the amounts of two-exon included RNA in the presence
of T3 (the lower panel). These results suggested that the T3-
induced increase in two-exon included CD44 transcripts from
PAL-CD44 may be mediated by TRE-bound TR. In addition, differ-
ent promoters (i.e. PAL vs. CMV) could alter the AS decision of
the CD44 minigene.

To evaluate whether these dual-functional TCRs of TR affected
T3-induced gene activation as well as AS decisions, the expression
vectors for TRAP150 or PSF in the absence or presence of TR was

cotransfected with the PAL-Luc or PAL-CD44 minigene, and lucifer-
ase activities and splicing reactions were examined in the absence
or presence of T3. As shown in Fig. 3A, cotransfected TRAP150 did
not stimulate TR-mediated gene transcription in luciferase assays.
In contrast, cotransfected TRAP150, but not HELZ2, a DNA/RNA
helicase that could interact with TRAP150 [28], significantly
increased two-exon inclusion in the presence of liganded TR
(Fig. 3B). Consistent with the findings of a previous study [26],
the cotransfection of PSF significantly reduced TR-mediated activa-
tion of PAL-Luc (Fig. 4A). In addition, cotransfected PSF signifi-
cantly decreased the two-exon inclusion of the CD44 minigene in
the presence of liganded TR (Fig. 4B). In contrast, the two-exon
inclusion of the CD44 minigene driven by the CMV promoter was
not increased by cotransfected TRAP150, but was paradoxically
increased by cotransfected PSF via an unknown mechanism
(Supplementary Fig. 2). Taken together, these results indicated that
TRAP150 and PSF, two known TCRs of TR, could modulate the
co-transcriptional AS of the CD44 minigene mediated by
TRE-bound TR.

4. Discussion

It is now increasingly evident that mRNA transcription and pro-
cessing events are coordinately regulated in the nucleus [1,2]. This
coordination was shown to be mediated largely by the C-terminal
domain (CTD) of the largest subunit of pol II, which is responsible
for the recruitment of splicing factors to transcription sites in vivo
[1,2]. The initiation form of pol Il contains hypophosphorylated
CTD (pol Ila), whereas the elongation form of pol II contains a
CTD that is hyperphosphorylated (pol Ilo) by several kinases
[1,2]. This transition of the phosphorylated status from pol Ila to
pol Ilo is thought to result in the recruitment of some pre-mRNA
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