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RGS proteins are GTPase-activating proteins for cer-
tain Ga subunits, accelerating the shutoff mechanism of
G protein signaling, and also may interact with recep-
tors and effectors to modulate G protein signaling. Here,
we report identification of 12 distinct transcripts of hu-
man RGS12 that arise by unusually complex splicing of
the RGS12 gene, which spans 70 kilobase pairs of
genomic DNA and contains 16 exons. These transcripts
arise by both cis- and #rans-splicing mechanisms, are
expressed in a tissue-specific manner, and encode pro-
teins ranging in size from 356 to 1447 amino acids. Both
5’- and 3'-splicing of two primary RGS12 transcripts oc-
cur to generate RGS12 mRNAs encoding proteins with
four distinct N-terminal domains, three distinct C-ter-
minal domains, and a common internal region where the
semiconserved RGS domain is located. Confocal micros-
copy and subcellular fractionation of COS-7 cells ex-
pressing RGS12 proteins with three different N termini
(brain (B), peripheral (P), and ¢rans-spliced (TS)) and a
shared short (S) C-terminal domain demonstrated exclu-
sive nuclear localization of these proteins and an influ-
ence of the N-terminal region on the pattern of intranu-
clear distribution. Both native RGS12TS-S in HEK-293T
cells and ectopically expressed RGS12TS-S localized to
discrete nuclear foci (dots), a characteristic of various
tumor suppressor proteins. Subnuclear localization of
RGS12TS-S into nuclear dots was cell cycle-dependent.
Native RGS12TS-S associated with the metaphase chro-
mosome during mitosis, and ectopically expressed
RGS12TS-S induced formation of abnormally shaped
and multiple nuclei in COS-7 cells. Expression of RGS12
proteins with long and intermediate C-terminal do-
mains was not observed in COS-7 cells, suggesting that
3’-splicing of RGS12 transcripts may influence the ex-
pression or stability of the encoded proteins. These re-
sults document extraordinary structural complexity in
the RGS12 family and the role of alternative splicing
and cell cycle-dependent mechanisms in expression and
subnuclear targeting of RGS12 proteins.

Heterotrimeric G proteins are components of many major
signaling systems used by cells to transduce a variety of signals
(neurotransmitters, hormones, light, and olfactory and taste
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signals) from specific cell-surface receptors to effector proteins
(see Refs. 1 and 2 for review). These receptors activate G
proteins by stimulating exchange of GTP for GDP on the «
subunit (Ga) of the inactive G protein heterotrimer (GafSvy) to
promote dissociation into Ga-GTP and Gy subunits. Both of
these G protein subunits function as signal-transducing mole-
cules by regulating activities of various effector proteins includ-
ing enzymes and ion channels. The intensity and duration of
signaling by G proteins are highly regulated. The key element
that controls the lifetime of active Ga and Gy is the intrinsic
GTPase activity of the Ga subunits, producing Ga-GDP and its
reassembly with Gpy.

RGS (regulators of G protein signaling) proteins constitute a
family of proteins originally defined by the presence of a semi-
conserved region of ~120 amino acids called the RGS domain
(3). These proteins appear to function as negative regulators of
G protein signaling in organisms ranging from yeast to man (4,
5). The discovery that RGS proteins, or their isolated RGS
domains, function as GTPase-activating proteins for certain Ga
subunits in vitro (6, 7) provided the first insight into how these
proteins may exert regulatory influences on G protein signal-
ing. The crystal structure of RGS4 bound to Ge;; demonstrated
interaction of the RGS domain with the G protein switch re-
gions and suggested that the mechanism of GTPase activation
by RGS proteins may be due to a reduction in the free energy of
the transition state (8). Coleman and Sprang (9) recently sug-
gested that RGS proteins may both stabilize the transition
state and release Ga subunits from an autoinhibited ground
state to enhance their GTPase activity. Additional studies have
raised the possibility that some RGS proteins may interact
with effectors or receptors to attenuate G protein signaling.
These studies showed that recombinant RGS proteins can block
phosphoinositide-dependent phospholipase C activation by ac-
tive G, in vitro and produce receptor-selective attenuation of
G, signaling when added to permeabilized cells (10, 11). Al-
though Koelle and Horvitz (3) first predicted the existence of at
least 15 mammalian RGS family members, this number has
grown to exceed that of the number of identified Ga subunits;
yet the GTPase-activating protein activity of RGS proteins
appears to be limited to proteins in the G; and G, family (4),
raising an interesting dilemma regarding the physiological sig-
nificance of such a large family of RGS proteins.

We undertook studies to clone members of the human RGS
protein family to further our understanding of the structural
diversity within this family. This knowledge is crucial to un-
derstanding the structural determinants that might be in-
volved in regulating the specificity and function(s) of RGS
proteins. Here we report the identification of 12 distinct tran-
scripts of human RGS12 and define their molecular basis of
origin. These transcripts arise by extraordinarily complex
splicing of the RGS12 gene, providing the first documentation
of alternative splicing of an RGS protein gene. Transcripts
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encoding the different N-terminal forms of RGS12 were ex-
pressed in a tissue-specific fashion, and the expression and
intracellular pattern of distribution of RGS12 proteins were
affected by splicing at the 5’- and 3’-ends of their corresponding
mRNAs. Our results demonstrate the exclusive nuclear local-
ization of three distinct N-terminal forms of RGS12 in COS-7
cells, with one form (RGS12TS-S) localizing to discrete foci
(nuclear dots), a characteristic of various tumor suppressor
proteins. We developed an antibody to RGS12TS proteins and
identified the endogenous expression of RGS12TS-S in HEK-
293T cells. Localization of native RGS12TS-S in nuclear dots
was cell cycle-dependent and independent of changes in the
level of RGS12TS-S protein. Native RGS12TS-S associated
with the metaphase chromosome in mitotic cells and ectopi-
cally expressed RGS12TS-S induced formation of abnormally
shaped and multiple nuclei in COS-7 cells.

EXPERIMENTAL PROCEDURES

Materials—5'-RACE'-Ready c¢DNA, Marathon-Ready cDNA, a
Quick-Screen ¢cDNA library panel, and the pEGFP vector were pur-
chased from CLONTECH. pCR2.1 and pCR3.1 were from Invitrogen.
Elongase was from Life Technologies, Inc. Antibodies to lamin A/C,
c-Myc (9E10), and 14-3-38 were purchased from Santa Cruz Biotech-
nology, and an antibody to Na*/K"-ATPase was from Upstate Biotech-
nology, Inc. Cell culture medium and serum were provided by the
University of Iowa Diabetes and Endocrinology Research Center. Oli-
gonucleotide primers and other molecular biological reagents were ob-
tained from the University of Iowa DNA Core Facility. Polyclonal anti-
RGS12TS antibodies were generated with a synthetic peptide
immunogen corresponding to residues 1-15 of RGS12TS by Biosynthe-
sis Inc. (Lewisville, TX).

PCR Amplification of RGS12 ¢cDNAs—Full-length ¢cDNAs encoding
various forms of RGS12 were amplified using a PCR-based strategy we
described previously (12). We utilized a 489-bp expressed sequence tag
identified as RGS12 (GenBank™/EBI Data Bank accession number
T57943) to design two “RGS12” forward primers (5'-CTTCATGAGAT-
TGAAGATCTGCAGCTGCTG and 5'-GCTAGCTGGGCCTGGCTGTC-
GATGTTGACCG) and two RGS12 reverse primers (5'-ACATGTTCAA-
GGAGCAGCAGCTGCAGATC and 5-GATAGCTACACTCGCTTTCTG-
AAGTCCCC) for use in 5'- and 3'-RACE to amplify overlapping
segments of RGS12 ¢cDNAs essentially as we described previously (13).
Semi-nested 5'-RACE was performed using 5'-RACE-Ready human
brain ¢cDNA (anchor sequence at 5-cDNA end) as template with a
forward primer to the 5’-anchor sequence and nested RGS12 reverse
primers. The same template was used for semi-nested 3'-RACE using
nested RGS12 forward primers and an oligo(dT) reverse primer. Mar-
athon-Ready human lung and placenta ¢cDNAs (adapter sequences on
both cDNA ends) were also used as templates for 5'- and 3'-RACE using
adapter-specific forward or reverse primers in combination with appro-
priate nested RGS12 forward or reverse primers. Resulting PCR prod-
ucts were cloned into pCR2.1, and sequence analysis of multiple clones
revealed successful amplification of overlapping 5'- and 3'-cDNA frag-
ments of RGS12 from brain, lung, and placenta ¢cDNAs. Sequence
analysis of these clones revealed the existence of 12 different splice
variant forms of RGS12. Full-length ¢cDNAs encoding these splice var-
iant forms of RGS12 were amplified using forward and reverse primers
encompassing the translational start and stop sites, respectively, spe-
cific for each splice variant form. Resulting full-length ¢cDNAs were
cloned into pCR3.1, and double-stranded sequencing was performed by
automated fluorescent dideoxynucleotide sequencing by the University
of Towa DNA Core Facility.

PCR Analysis of Tissue Distribution of Transcripts Encoding RGS12
Splice Variants—Human tissue cDNAs from the Quick- Screen human
c¢DNA library panel were used as templates in PCR for amplification of
the three 5'-splice variant forms of RGS12 that we identified by 5'-
RACE and cloning. PCR was performed using a forward primer specific
for each 5'-splice variant form of RGS12 (p1, p2, or p3) and a reverse
primer (p4) to regions common to all RGS12 splice variants. The result-
ing products were diluted 1:100 and subjected to PCR using the same
forward primer and a nested reverse primer (p5), again to a region

! The abbreviations used are: RACE, rapid amplification of cDNA
ends; PCR, polymerase chain reaction; bp, base pair(s); GFP, green
fluorescent protein; EGFP, enhanced GFP; DMEM, Dulbecco’s modified
Eagle’s medium; DPBS, Dulbecco’s phosphate-buffered saline.
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shared by all RGS12 splice forms. Amplified products were separated by
agarose gel electrophoresis. The identity of the amplified products was
confirmed by dideoxynucleotide sequencing (University of Iowa DNA
Core Facility) following their cloning into pCR2.1.

Preparation of EGFP Constructs of RGS12—Various RGS12 protein
c¢DNAs were PCR-amplified using gene-specific primers incorporating
restriction sites to facilitate their cloning into the EGFP vector. First,
amplified RGS12 protein cDNAs were cloned in the T/A cloning vector
pCR2.1 (Invitrogen). Then, restriction enzyme digestion and agarose
gel purification of the cloned RGS12 protein cDNAs were performed.
RGS12 protein cDNAs were ligated to the EGFP vector in frame with its
C-terminal EGFP sequence. Double-stranded sequencing of all cloned
RGS12 protein ¢cDNAs was performed by automated fluorescent
dideoxynucleotide sequencing by the University of Iowa DNA Core
Facility.

c¢DNA encoding the 310-amino acid C-terminal domain of long splice
forms of RGS12 was generated by PCR. A Kozak consensus sequence
and an ATG start codon were included for proper translation of the
truncated protein. Double-stranded sequencing of the cDNA construct
was performed by automated fluorescent dideoxynucleotide sequencing
by the University of ITowa DNA Core Facility.

Cell Culture and Transfection—COS-7, HEK-293, and HEK-293T
cells were grown in DMEM supplemented with 10% fetal bovine serum
and gentamycin (50 pug/ml) (complete DMEM) in a 5% CO, humidified
atmosphere at 37 °C.

COS-7 cells were transiently transfected with vectors containing
various RGS12 protein ¢cDNAs by electroporation using a Bio-Rad
Gene-Pulser. Typically, COS-7 cells (107/ml) were transfected with
40 pg of plasmid DNA at settings of 0.22 kV and 950 microfarads. Cells
were diluted in complete DMEM and plated on two-chambered slides
(Nunc) at a density of ~10° cells/well. For use in immunoblotting, cells
were plated at an equivalent density on 10-cm culture plates. Trans-
fected cells were used in experiments 40 h following transfection.

HEK-293 cells stably transfected with the pVgRXR vector were pur-
chased from Invitrogen. These cells were transfected with C-terminal
GFP-tagged RGS12TS-S (RGS12TS-S-GFP) in the pIND vector by elec-
troporation, and stable transfectants were isolated and propagated in
complete DMEM supplemented with G418 (800 wg/ml) and Zeocin
(200 pg/ml; Invitrogen). These cells, designated EcR293-12TS-S-GFP,
express RGS12TS-S-GFP within 12 h following ponasterone A (5 um)
induction.

Immunofluorescence—Cells were rinsed three times with DPBS be-
fore fixation for immunofluorescence. For visualization of GFP-tagged
RGS12 proteins in COS-7 cells, cells were fixed by treatment with 4%
paraformaldehyde for 20 min at room temperature, followed by perme-
abilization with DPBS containing 0.1% Triton X-100 and 0.1% Nonidet
P-40 for 10 min at room temperature. After permeabilization, cells were
treated with DPBS containing 100 pg/ml RNase A (Roche Molecular
Biochemicals) for 20 min at room temperature prior to staining with
propidium iodide. Cells were stained with propidium iodide in DPBS for
20 min at room temperature, followed by three washes with DPBS.
Cells were air-dried and then mounted using VectaShield mounting
solution. For visualization of endogenous RGS12TS in HEK-293T cells,
cells were fixed with 70% ethanol at —20 °C for 1 h, followed by treat-
ment with 4 N HCI for 30 min at room temperature. Cells were then
incubated with anti-RGS12TS antibody in phosphate-buffered saline
containing 2% bovine serum albumin and 0.2% Tween 20, followed by
washing and incubation with fluorescein isothiocyanate-conjugated
goat anti-rabbit secondary antibody (Sigma). RNase A treatment and
propidium iodide staining were performed as described for COS-7 cells.

Confocal microscopy was performed with a Bio-Rad MRC 1024 con-
focal microscope equipped with a krypton/argon laser at the University
of Iowa Central Microscopy Research Facility. EGFP fluorescence was
examined under a fluorescein isothiocyanate filter, and propidium io-
dide fluorescence was examined under a Texas Red filter using 60X oil
lenses. Images were captured after Kalman averaging. Images shown
are representative of a minimum of 1600 cells derived from four or more
separate transfections.

Subcellular Fractionation and Immunoblotting—Subcellular frac-
tionation of COS-7 cells expressing Myc-tagged RGS12 proteins and
HEK-293T cells expressing native RGS12TS-S was performed as we
described previously (14). Polyclonal anti-RGS12TS antibodies were
used at 1:10,000 dilution. Immunoblotting for specific organelle mark-
ers using lamin A/C as a nuclear marker, Na*/K*-ATPase as a plasma
membrane marker, and 14-3-38 as a cytosolic marker in COS-7 cells
confirmed the identity of these fractions. Immunoblotting was per-
formed essentially as we described previously (13, 14).
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N-TERMINUS
RGS12TS
MFRAGEASKR PLPGPSPPRV RSVEVARGRA GYGFTLSGQA PCVLSCVMRG SPADFVGLRA GDQILAVNEI NVKKASHEDV
VKLIGKCSGV LHMVIAEGVG RFESCSSDEE GGLYEGKGWL KPKLDSKALG INRAERVVEE MQSGGIFNMI FENPSLCASN
SEPLKLKQRS LSESAATRFD VGHESINNPN PNMLSKEEIS KVIHDDSVFS IGLESHDDFA LDASILNVAM IVGYLGSIEL
PSTSSNLESD SLQAIRGCMR RLRAEQKIHS LVTMKIMHDC VQLSTDKAGV VAEYPAEELA FSAVCPDDRR FFGLVTMQTN
DDGSLAQEEE GALRTSCHVF MVDPDLFNHK IHQGIARRFG FECTADPDTN GCLEFPASSL PVLQFISVLY RDMGELIEGM
. . . RARAFLDGDA DAHQNNSTSS NSDSGIGNFH QEEKSNRVLV VDLGGSSSRH GPGGSAWDGV GGRGAQPWGA PWTGPFCPDP
Fic. 1. Orgamzatlon of the amino EGSPPFEAAH QTDRFWDLNK HLGPASPVEV PPASLRSSVP PSKRGTVGAG CGFNQRWLPV HVLREWQCGH TSDQDSYTDS
acid Sequences encoded by 12 RGS12 TDGWSSINCG TLPPPMSKIP ADRYRVEGSF AQPPLNAPKR EWSRKAFGMQ SIFGPHRNVR KTKEDKKGSK FGRGTGLTQP
b . . . SQRTSARRSF GRSKRFSITR SLDDLE 666
transcripts into variable N-terminal, 2 [ ©56)
common internal, and variable C-ter- RGSS12B
minal cassettes. The unique N-terminal
sequences of RGS12TS, RGS12B, and MNLGKELSNE THVSNDOO |(18)
RGS12P are shown. The common internal RGS12P
region is encoded by all splice variants of
RGS12, although N-terminally truncated ®)
for RGS12L (the methionine start codon
of RGSI2L is shown in boldface). The COMMON INTERNAL DOMAIN (71)
unlque C_t_:ermlnal .Sequences Of Short’ [SATV SDGELTGADL KDCVSNNSLS SNASLPSVQS CRRLRERRVA SWAVSFERLL
long, and intermediate forms of RGS12 QDPVGVRYFS DFLRKEFSEE NILFWOACEY FNHVPAHDKK ELSYRAREIF SKFLCSKATT PVNIDSQAQL ADDVLRAPHP

are shown. The intermediate and long C-

DMFKEQQLQI FNLMKFDSYT RFLKSPLYQE CILAEVEGRA LPDSQQVPSS

PASKHSLGSD HSSVSTPKKL SGKSKSGRSL

terminal forms of RGS12 share the first
235 amino acids with the C-terminal
TSRF sequence of intermediate forms re-
placed with a unique 75-amino acid se-
quence in long forms. The 12 forms of
RGS12 encoded by RGS12 mRNAs are

NEELGDEDSE KKRKGAFFSW SRTRSTGRSQ KKREHGDHAD DALHANGGLC
TKHCCIHLPD GTSCVVAVKA GFSIKDILSG LCERHGINGA AADLFLVGGD
PINRSVGLKA KPTKPVTEVL RPVVARYGLD LSGLLVRLSG EKEPLDLGAP
VKONTAVNSS SRNHSAT |}

RRESQGSVSS
KPLVLHQDSS
ISSLDGQRVV

AGSLDLSEAC RTLAPEKDKA
ILESRDLRLE KRTLFRLDLV
LEEKDPSRGK ASADKQKGVP

C-TERMINUS

produced by assembling different combi-

I SFL SLFPKLRATE OMTNVGC | (20) SHORT

nations of these domains.

—— | GEE RTLGKSNSIK IKGENGKNAR DPRLSKREES IAKIGKKKYQ
KEDLVLPEFL RLPPGSTELT LPTPAAVAKG FSKRSATGNG RESASQPGEQ
GQKSPSGPFC TPQSPVSLAQ EGTAQIWKRQ SQEVEAGGIQ TVEDEHVAEL

KINLDEAEEF
WEPVQESSDS
TLMGEGDISS

FELISKAQSN RADDQRGLLR
PSTSPGSASS PPGPPGTTPP
PNSTLLPPPS TPQEVPGPSR

(239 INTERMEDIATE

PGTSRI
SGTHGSRD LPVNRIIDVD LVTGSAPGRD GGIAGAQAGP GRSQASGGPP TSDLPGLGPV PGEPAKPKTS AHHATFV—‘

(75) LONG

Fic. 2. Intron-exon organization of

the human RGS12 gene in relation
to the coding sequence of human
RGS12B-L mRNA. The position of exons
(filled) and introns (empty) of the human
RGS12 gene are shown at the top. The
structure of the human RGS12B-L mRNA
is shown at the bottom with the locations
of introns (vertical lines) indicated by the
mRNA nucleotide number, with base 1

corresponding to the A of the AUG start
codon. Sequences encoding the RGS do-

RGS12 Gene
5.0 kb
L1
RGS12 mRNA N
AN [ ] \ L] |
02k 444 44 444 4 A 4 4
339 483 663 B‘I? 1089 1260 1467 1621 2170 2397 2621
248 11683 1387
RESULTS

Identification of Splice Variant Human RGS12 cDNAs—We
employed a PCR-based strategy to amplify and identify 12
splice variant forms of human RGS12 using sequence informa-
tion from a 489-bp expressed sequence tag (GenBank™/EBI
Data Bank accession number T57943). Koelle and Horvitz (3)
first identified this expressed sequence tag as a potential RGS
protein and named it RGS12. Based upon this sequence, we
designed two forward and two reverse primers for use in 5’'-
and 3'-RACE to generate overlapping cDNA fragments of
RGS12. 5'-RACE-Ready human brain ¢cDNA and Marathon-
Ready human lung and placenta ¢cDNAs were used as tem-
plates in these reactions. Sequence information obtained from
the resulting RACE products was used to design additional
primers for amplification of full-length RGS12 ¢DNAs. Se-
quence analysis identified two forms of RGS12 amplified from
human brain that differed at their 5'-ends. Similarly, the 5'-
ends of RGS12 ¢cDNAs amplified from lung and placenta were
unique from each other and distinct from the brain-specific
RGS12 ¢cDNAs. In addition to tissue-specific diversity at the

main of human RGS12B-L are indicated
with hatching. kb, kilobases.

5’-ends of mRNAs encoding RGS12, sequence analysis revealed
that the 3’-ends of all of the different RGS12 ¢cDNA forms
existed in three different forms. The coding sequences of the 12
different RGS12 ¢cDNAs ranged from 1068 to 4341 nucleotides,
encoding proteins ranging from 356 to 1447 amino acids.

The four different types of 5'-ends of RGS12 ¢cDNAs found in
brain, placenta, and lung encode four different N-terminal se-
quences for the RGS12 proteins. We designated the proteins
encoded by the two different RGS12 ¢cDNAs amplified from
brain as RGS12B (GenBank™/EBI Data Bank accession num-
ber AF030109) and RGS12TS (accession number AF030111)
for trans-spliced (see below). The proteins encoded by RGS12
cDNAs amplified from placenta and lung were accordingly
designated RGS12P (accession number AF030110) and
RGS12L (accession number AF030112), respectively. The three
different types of 3’-ends of the RGS12 ¢cDNAs encoding these
four types of RGS12 proteins encode three different C-terminal
sequences that differed in both sequence and length. These
three types of sequences were designated L for long, S for short,
and I for intermediate to distinguish also the predicted RGS12
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TABLE I
Intron-exon organization of the RGS12 gene
5’-Donor site 3'-Acceptor site Inrtlr)on Intron size
bp
TCT AAT GAC CAG CAGgtaag........ ttcagTCT GCA ACT GTG TCT 1 15746
Ser Asn Asp Gln Gln Ser Ala Thr Val Ser
ACT GTG TCT GAT GGC Ggtaag..... cgcagAG TTG ACG GGC GCC 2 27641
Thr Val Ser Asp Gly G lu Leu Thr Gly Ala
GTC CGC TAC TTC TCTgtgag ....... cttagGAT TTT CTA AGG AAA 3 510
Val Arg Tyr Phe Ser Asp Phe Leu Arg Lys
CAT GAC AAA AAG GAGgtaag ....... gtcagCTT TCC TAC AGG GCC 4 1054
His Asp Lys Lys Glu Leu Ser Tyr Arg Ala
GAG CAG CAG CTG CAGgtaac....... cccagATC TTC AAT CTC ATG 5 791
Glu Gln Gln Leu Gln Ile Phe Asn Leu Met
TCC ACG CCA AAA AAGgtgac....... gacagTTA AGT GGA AAA TCA 6 295
Ser Thr Pro Lys Lys Leu Ser Gly Lys Tyr
GGG GAC CAC GCA GAC Ggtttg...... tcaagAC GCC CTG CAT GCC 7 3099
Gly Asp His Ala Asp A sp Ala Leu His Ala
GGG AGC CTG GAC CTGgtgag........ cccagTCG GAG GCC TGC AGG 8 1657
Gly Ser Leu Asp Leu Ser Asp Ala Cys Arg
GTG GGC GGG GAC AAGgtact........ ctcagCCT CTG GTG CTG CAC 9 334
Val Gly Gly Asp Lys Leu Leu Val Leu His
AAG CGC ACC TTG TTT CGgtaag..... accagG CTG GAT CTT GTT 10 536
Lys Arg Thr Leu Phe Ar g Leu Asp Leu Val
CTG CTG GTG AGG CTGgtgag........ cctagAGT GGA GAG AAG GAG 11 1822
Leu Leu Val Arg Leu Ser Gly Glu Lys Asp
CCT TCC AGA GGA AAG Ggtgag...... tttagCA TCC GCA GAT AAA 12 3124
Pro Ser Arg Gly Lys A la Ser Ala Asp Lys
AAC CAC TCG GCT ACGgtaat........ tgcagGGA GAG GAA AGA ACA 13 388
Asn His Ser Ala Thr Gly Glu Glu Arg Thr
TTG GAC GAA GCA GAG Ggtatg...... aatagAG TTT TTT GAG CTT 14 1691
Leu Asp Glu Ala Glu G lu Phe Phe Glu Leu
GGA CCT TCC AGA CCA Ggtacc...... gacagGA AGT GGG ACC CAT 15 8498
Gly Pro Ser Arg Pro G ly Ser Gly Thr His
o X Gene
5" Termini
Fic. 3. Representation of the splic-
ing events occurring in the human R@GS127S 5 Swoean-EEEEEEEEEEE-
RGS12 gene to generate 12 splice var- . f
iant RGS12 mRNAs. Exons are shown  ranspliced
as filled boxes, introns as empty boxes, peripheral ATG-3
and noncoding sequences as hatched 3’ Termini
boxes. Two primary transcripts encode
the four 5'-splice forms of RGS12; one is
processed to RGS12B and RGS12TS, and Short (8)
one is processed to RGS12P and RGS12L. I (sip exon 14)
The primary transcript encoding RGS12B RGS12 Gene .
and RGS12TS mRNAs includes exon 1 of Intermediate (1)
the human RGS12 gene, and that encod- (intron 15 retained)
ing RGS12P and RGS12L mRNAs uses an ,
alternate transcriptional start site within ~RGS12B 5 Long (L)
intron 1 of the human RGS12 gene. The Brain f *
middle of the figure shows how 3’-splicing ATG-1 ATG-2
generates the long, short, and intermedi-
ate transcripts of RGS12B as well as the , .
3"-splice forms of RGS12TS, RGS12P,and ~ RGS12P arc2 HEHHEHEHEHHEHHEHL S, | or L 3’ Termini
RGS12L mRNAs. trans-Splicing of a tran- Peripheral
script encoded by three exons of an un-
known gene (X gene) generates RGS12TS. -HE--E , L
RGS12L arises by retention of intron 3 of RGS12L are2 HITEHIHEHE S, lor L 3" Termini
the human RGS12 gene. Lung
(intron 3
retained)

proteins on the basis of their C-terminal sequences. Thus, the
long C-terminal tail form of RGS12B was designated
RGS12B-L.

With the exception of the RGS12L isoforms, all RGS12 pro-
teins share a common internal region of 471 amino acids
flanked by unique N- and C-terminal sequences (Fig. 1).
RGS12L proteins share only 336 amino acids of this common
internal domain. This is a result of N-terminal truncation of
the RGS12L proteins due to the presence of a stop codon in the
5’-end of their cDNAs that is in frame with the RGS domain.

Fig. 1 shows that the RGS domain (underlined) is located in the
common internal region. The RGS domain is N-terminally
truncated in RGS12L proteins and comprises the N terminus of
these RGS12 isoforms. RGS12TS, RGS12B, and RGS12P have
unique N-terminal domains of 666, 18, and 8 amino acids,
respectively. The region C-terminal to the common internal
domain of RGS12 proteins exists as a short (20 amino acids),
intermediate (239 amino acids), or long (310 amino acids) form.
The intermediate and long C-terminal forms share a 235-amino
acid sequence.
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transcripts with unique 5’-ends. Semi-nested PCR was performed
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Structure of the Human RGS12 Gene—The observation that
the 12 RGS12 isoforms could be constructed from different
combinations of N- and C-terminal cassettes with a common
internal domain suggested that these forms might arise by
alternative splicing of a single gene. A BLAST nucleotide se-
quence similarity search of the human gene data banks with
the cloned human RGS12 ¢cDNAs revealed that the RGS12
gene is located within the Huntington disease region of chro-
mosome 4p16.3. RGS12B-L showed complete homology to in-
terrupted segments of human genomic DNA sequences from
cosmid HS361H4B, HS361H4C, HSL60G9A, and HSL60G9B.
This enabled us to determine the complete structure of the
RGS12 gene. The coding region of the RGS12 gene spans 69333
bp of DNA and is interrupted by 15 introns. The intron-exon
organization of the RGS12 gene in relation to the RGS12B-L
mRNA is shown in Fig. 2. The RGS12 gene contains 16 exons
within its coding region that range in size from 22 to 549 bp.
Table I shows the sizes of introns and the intron-exon splice
junction sequences in the coding region of the RGS12 gene. As
shown, the introns vary in size from 295 to 27.6 kilobases, and
all of the splice acceptor and donor sequences agree with the
GT/AG consensus sequence (15). The RGS12 gene intron phas-
ing is type 0 (the intron occurs between codons) for introns 1,
3-6, 8,9, 11, and 13; type 1 (the intron interrupts the first and
second bases of the codon) for introns 2, 7, 12, 14, and 15; and
type 2 (the intron interrupts the second and third bases of the
codon) for intron 10.

Splicing of Human RGS12 Transcripts—We examined the
relationship between exon and intron locations of the RGS12
gene to the structure of the 12 RGS12 variants we isolated to
gain insight into how the unique N- and C-terminal forms of
RGS12 proteins arise. RGS12B-L results from splicing of exons
1-16 (Fig. 3). Exon 1 encodes both the 5'-untranslated region
and the unique N-terminal domain of RGS12B, whereas the
shared common internal domain found in all RGS12 proteins is
encoded by exons 2-13. The short and intermediate C-terminal
forms of RGS12B and all other RGS12 proteins arise by skip-
ping of exon 14 and retention of intron 15, respectively (Fig. 3).
Although the transcript encoding the intermediate C-terminal
forms of RGS12 proteins is longer than that encoding the long
forms, the presence of a stop codon produces a shorter protein.
Thus, the RGS12 gene can be alternatively spliced near its
3’-end to generate the three types of C-terminal sequences
present on the four N-terminal forms of RGS12L.

Unlike RGS12B proteins, the unique N-terminal domains of
RGS12P, RGS12L, and RGS12TS proteins are not encoded by
sequences from exon 1 of the RGS12 gene. Comparison of the
sequence encoding the N-terminal domain of RGS12P with that
of the RGS12 gene revealed that the unique N-terminal domain
of RGS12P proteins is encoded by sequences from intron 1 of
the RGS12 gene. The 5'-end of transcripts encoding RGS12P
proteins retains 1384 bp of the 3’-end of intron 1, presumably

utilizing primers (pl, p2, and p3) specific for sequences encoding the
unique 5'-ends of RGS12 transcripts and the Quick-Screen human
c¢DNA library panel as templates. Two nested reverse primers (p4 and
p5) utilized in these PCRs were from a region common to all RGS12
transcripts derived from exon 7 of the RGS12 gene. Each panel shows
a diagram of the RGS12 ¢cDNA with locations of the forward and
semi-nested reverse primers used in PCR and the agarose electrophore-
sis analysis of the amplified products. A, PCR amplification with a
forward primer spanning the translational start site of RGS12B; B,
PCR amplification with a forward primer designed to the sequence
derived from intron 1 of the RGS12 gene that represents the 5'-end of
both RGS12P and RGS12L; C, PCR amplification with a forward primer
designed to a sequence present in the N terminus of RGS12TS that is
derived from the second exon of the X gene. Molecular sizes of amplified
products were determined from 1-kilobase pair and 100-bp DNA lad-
ders (Life Technologies, Inc.) run in parallel. Sk., skeletal.
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RGSI12B-S

Fic. 5. Confocal microscope images
of COS-7 cells expressing short forms
of RGS12B, RGS12P, and RGS12TS B
tagged at their C termini with GFP.
Green represents GFP fluorescence from
expressed RGS12 proteins; red represents
propidium iodide (PI)-stained cell nuclei;
and yellow (in the overlay image) repre-
sents overlapping green and red fluores-
cence. Transfection of COS-7 cells and im-
munofluorescence measurements were
performed as described under “Experi-
mental Procedures.”

RGS12P-S

C

RGSI2TS-S

a result of an alternate transcriptional start site at this loca-
tion. An alternate translational start site in frame with the
RGS domain sequence is located 1360 bp from the 5’-end of the
RGS12P transcript. Thus, this translational start site is en-
coded by sequences located 24 bp from the 3’-end of intron 1
(Fig. 3). A similar analysis showed that the 5’-end of tran-
scripts encoding RGS12L retains both the 1384-bp intron 1
sequence as well as all of intron 3 (Fig. 3). The N-terminal
truncation of RGS12L within the common internal region of
RGS12 proteins results from a stop codon present in the re-
tained intron 3 sequences. The only start codon that could
produce a translational product in frame with the RGS domain
in RGS12TS transcripts is present in exon 5 and corresponds to
Met!36 of the common internal region (Fig. 1). As a result, the
C-terminal half of the RGS domain encodes the N-terminal
domain of RGS12L proteins. Thus, the 5’-ends of transcripts of
both RGS12P and RGS12L are located within sequences
spliced out of transcripts encoding RGS12B.

The sequence encoding the unique N-terminal region of
RGS12TS proteins is not present within or upstream of the
RGS12 gene. A BLAST search of the human gene data banks
with the sequence from the 5’-end of RGS12TS transcripts
showed complete homology to interrupted segments from cos-
mids HSL185E6A and HSL21F12B. These cosmids map to a
site on chromosome 4p16.3 located 170 kilobases from the
3’-end of the RGS12 gene from the DNA (—)-strand. The 5’-
ends of RGS12TS transcripts are derived from nucleotides
15808-15924 of the (—)-strand of HSL21F12B and nucleotides
12599-14580 and 15701-16502 of the (—)-strand of
HSL185E6A. Thus, the unique N-terminal domain and the
5’-untranslated region of RGS12TS appear to be encoded by a
transcript arising from three exons of an unknown gene (“X”
gene) that splices onto exon 2 of the RGS12 gene to form the
full-length RGS12TS transcript. This phenomenon of splicing
of two independent transcripts, known as “trans-splicing” (16),
is much less common than the cis-splicing used to generate
alternatively spliced variants from within a single gene. Ac-
cordingly, the proteins encoded by RGS12 transcripts with this
unique 5'-end were designated RGS12TS.
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Tissue Distribution of Human RGS12 Transcripts—The di-
vergence in sequence of cDNAs encoding different N-terminal
forms of RGS12 proteins enabled us to design primers to ex-
amine expression of their transcripts in tissues by PCR. For
these experiments, we used the Quik-Screen library panel of
c¢DNAs and primers specific for sequences encoding the unique
5’-ends of RGS12 transcripts. Semi-nested PCR was performed
with a single specific forward primer and two nested reverse
primers to a region common to all RGS12 transcripts derived
from exon 7 of the RGS12 gene. Sequencing of resulting PCR
products confirmed their identities as the expected amplifica-
tion products. Fig. 4A shows that PCR with a forward primer
spanning the translational start site of RGS12B (exon 1 of the
RGS12 gene) amplified the expected product from brain cDNA,
but not from other tissue cDNAs. Fig. 4B shows the results of
PCR amplification using a forward primer designed to the
sequence derived from intron 1 of the RGS12 gene that serves
as the 5'-end of both RGS12P and RGS12L. As shown, products
of the expected size were amplified from kidney, placenta, and
lung, i.e. the lung product is larger due to the retention of
sequences derived from intron 3. Sequencing of the smaller
faint band amplified from lung showed that it was identical to
the products amplified from placenta and kidney that corre-
spond to the 5'-end of RGS12P ¢DNAs. Thus, the major ampli-
fication product in lung corresponds to RGS12L, although a
product corresponding to RGS12P can also be detected. Fig. 4C
shows the results of PCR amplification using a forward primer
designed to a sequence present in the N terminus of RGS12TS
that is derived from the second exon of the X gene. The ex-
pected PCR products were amplified from kidney, lung, and
placenta, but not brain. These results show that transcripts
encoding different N-terminal forms of RGS12 proteins have
both common and unique tissue expression patterns.

Subcellular Localization of Human RGS12 Proteins—The
different forms of RGS12 were tagged at their C termini with
either GFP or c-Myc to examine their expression by confocal
microscopy and immunoblotting, respectively. We focused our
experimental attention on the RGS12 proteins possessing a
complete common internal region so that any differences in
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Fic. 6. Confocal microscope images of COS-7 cells expressing human RGS4 protein tagged with GFP at its C terminus. Green
represents GFP fluorescence from expressed RGS4; red represents propidium iodide (PI)-stained cell nuclei; and yellow (in the overlay image)
represents overlapping green and red fluorescence. Transfection of COS-7 cells and immunofluorescence measurements were performed as

described under “Experimental Procedures.”

50-

Fic. 7. Immunoblots of subcellular fractions of COS-7 cells
expressing C-terminal c-Myc-tagged forms of RGS12TS-S (A),
RGS12B-S (B), and RGS12P-S (C). COS-7 cell transfectants were
lysed (Lys) and subfractionated into nuclear (Nuc), cytosolic (Cyto), and
membrane (Mem) fractions as described under “Experimental Proce-
dures.” ¢-Myc immunoblotting was performed on the resulting cell
lysates and an equivalent amount of each fraction as described under
“Experimental Procedures.” Locations of molecular mass markers (in
kilodaltons) are shown to the left of the autoradiograms.

expression or intracellular distribution of these proteins could
be correlated to splicing events leading to different N- or C-
terminal forms of the proteins. Fig. 5 shows confocal micro-
scope images of COS-7 cells expressing the GFP-tagged short
forms of RGS12B, RGS12P, and RGS12TS. The green color
represents the GFP fluorescence from expressed RGS12 pro-
teins, and the red color represents fluorescence from propidium
iodide staining of nuclei in these cells. To confirm any apparent
nuclear localization of expressed RGS12 proteins by visualiza-
tion of GFP fluorescence alone, an overlay image of the GFP
and propidium iodide fluorescence is also shown. As shown, all
three RGS12 proteins were localized exclusively in the nucleus
of COS-7 cell transfectants. Although RGS12B-S and
RGS12P-S exhibited a homogeneous pattern of distribution
throughout the nucleus, RGS12TS-S exhibited a unique pat-
tern of dotted distribution within the nucleus. No evidence was
obtained for accumulation of any of these proteins in the cyto-
plasm or plasma membrane. The nuclear localization of RGS12
proteins is quite distinct from the predominantly cytoplasmic
localization of RGS4 that is observed in COS-7 cells (Fig. 6). As
an alternate approach to examine the intracellular distribution
patterns of RGS12 proteins, we performed immunoblotting of
subcellular fractions of COS-7 cells expressing Myc-tagged
forms of these proteins. Fig. 7 shows that these three RGS12
proteins were localized nearly exclusively in the nuclear frac-
tion of COS-7 cells, in agreement with the confocal microscopic
evidence for their nuclear patterns of distribution in COS-7
cells.

In contrast to the reproducible nuclear expression of the
short splice forms of RGS12 proteins in COS-7 cells, we were

unable to detect expression of the long splice forms of these
proteins. No GFP fluorescence was detected in COS-7 cells
transfected with the GFP-tagged long splice form of RGS12B,
RGS12P, or RGS12TS. Immunoblotting of lysates of cells trans-
fected with c-Myc-tagged forms of these proteins similarly
showed no detectable expression of the proteins. Treatment of
transfectants with inhibitors of proteasome (10 um MG-132)- or
calpain (25 pum N-acetyl-leucyl-leucyl-norleucinal)-dependent
proteolytic pathways did not promote expression of the long
splice forms of RGS12, suggesting that these pathways likely
do not contribute to the lack of expression of the long splice
forms of RGS12. We prepared a GFP-tagged construct of the
intermediate splice form of RGS12B and similarly were unable
to detect its expression. These results suggested that lack of
expression of the long and intermediate splice forms of RGS12
was due to sequences in the mRNA or protein that encode or
comprise, respectively, their unique C-terminal domains.
Therefore, we examined whether the unique 310-amino acid
C-terminal domain of the long splice forms of RGS12 could be
expressed as a GFP fusion protein. Fig. 8 shows that this
domain was expressed in both the nucleus and cytoplasm of
COS-7 cells. Thus, if this domain contributes to the inability to
express the long splice forms of RGS12, it must do so within the
context of a holoprotein or corresponding mRNA. Alternatively,
we reasoned that the lack of expression of long splice forms of
RGS12 could result from an inability of the cells expressing
these proteins to survive. To consider this possibility, we co-
transfected cells with untagged RGS12TS-L (in pCR3.1) and
the GFP vector alone to determine whether expression of GFP
would be diminished in cells cotransfected with RGS12TS-L
compared with those cotransfected with the GFP and pCR3.1
vectors. Both transfectants exhibited comparable and robust
expression of GFP (data not shown).

Subcellular Localization of Native RGS12TS-S—We raised
an antibody to one of the N-terminal forms of RGS12 for use in
determining whether native RGS12 proteins show a pattern of
nuclear localization as observed in COS-7 cells expressing re-
combinant forms of these proteins. This antibody was raised to
a synthetic peptide corresponding to residues 1-15 of RGS12TS
proteins. This polyclonal anti-RGS12TS antibody recognized
ectopically expressed RGS12TS-S following immunoblotting or
immunocytochemistry (see below). We used the anti-RGS12TS
antibody to screen various human cell lines for endogenous
RGS12TS immunoreactivity and found that HEK-293T cells
express appreciable levels of RGS12TS. Fig. 9 shows that
RGS12TS immunoreactivity in HEK-293T cells migrated with
the same molecular size as RGS12TS-S-Myc transiently ex-
pressed in COS-7 cells, suggesting that HEK-293T cells endo-
genously express the RGS12TS protein variant we designated
RGS12TS-S. Interestingly, although SV40-transformed HEK-
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Fic. 8. Confocal microscope images
of COS-7 cells expressing the 310-
amino acid C-terminal domain of
long splice forms of RGS12 proteins
tagged with GFP at their C termini.
Green represents GFP fluorescence from
expressed RGS4; red represents pro-
pidium iodide (PI)-stained cell nuclei; and
yellow (in the overlay image) represents
overlapping green and red fluorescence.
Transfection of COS-7 cells and immuno-
fluorescence measurements were per-
formed as described under “Experimental
Procedures.”
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Fic. 9. RGS12TS-S is expressed endogenously in HEK-293T
cells. RGS12TS-S immunoblotting was performed on lysates derived
from HEK-293T cells, COS-7 cells transiently transfected with c-Myc-
tagged RGS12TS-S, and EcR293-12TS-S-GFP cells before and after
5 uM ponasterone induction for 12 h. Immunoblotting was performed as
described under “Experimental Procedures.” Locations of molecular
mass markers (in kilodaltons) are shown to the left.

293T cells express RGS12TS-S, HEK-293 cells do not. We de-
veloped stable transfectants of HEK-293 cells expressing C-
terminal GFP-tagged RGS12TS-S under the control of an
ecdysone-inducible promoter and named this stable cell line
EcR293-12TS-S-GFP. As shown in Fig. 9, RGS12TS immuno-
reactivity was present in lysates of these cells following ponas-
terone (5 uM) treatment to induce expression of RGS12TS-S-
GFP, but not in lysates from vehicle-treated cells. The
RGS12TS immunoreactivity migrated as a doublet with the
higher molecular mass band corresponding to the size expected
for RGS12TS-S-GFP. Both RGS12TS-immunoreactive bands in
ponasterone-induced EcR293-12TS-S-GFP lysates were de-
tected also by immunoblotting with anti-GFP antibodies (data
not shown). The nature of heterogeneity in size of induced
RGS12TS-S-GFP is unclear, but may reflect post-translational
changes or proteolysis of the protein. Together, these results
illustrate that the anti-RGS12TS antibody detects both native
and ectopically expressed RGS12TS-S.

We next examined the subcellular localization of native
RGS12TS-S in HEK-293T cells by subcellular fractionation and
confocal microscopy. Fig. 10A shows that RGS12TS-S is found
exclusively in the nuclear fraction of HEK-293T cells. In agree-
ment with these findings, confocal microscopy of HEK-293T
cells showed that RGS12TS immunoreactivity in HEK-293T
cells exhibits a dotted pattern of nuclear distribution
(Fig. 10B). Thus, the pattern of expression of endogenously
expressed RGS12TS-S in HEK-293T cells is very similar, if not
the same, as that observed in COS-7 cells overexpressing
RGS12TS-S-GFP (Fig. 5).

29667

PI(Nucleus Overlay

Cell Cycle Regulation of RGS12TS-S Nuclear Dots—The dot-
ted intranuclear distribution of RGS12TS-S is strikingly simi-
lar to that of promyelocytic leukemia protein PML, leukemia-

associated protein ALL-1, and breast -cancer-associated
proteins BRCA1 and BARD1 (17-20). At present, the precise
functional significance of the distribution of these proteins in
nuclear dots is not understood. However, PML protein pro-
motes transcriptional silencing/enhancing and exhibits tumor
suppressor activities, and its dotted nuclear distribution de-
localizes during acute promyelocytic leukemia and certain viral
infections (21-26). BRCA1 functions as a tumor suppressor
protein and localizes to nuclear dots during the S phase of the
cell cycle (19). Hydroxyurea-mediated DNA synthesis arrest
induces loss of BRCA1 nuclear foci, a response accompanied by
hyperphosphorylation of BRCA1. Thus, BRCA1 S phase nu-
clear dots are dynamic elements, responsive to DNA damage,
and involved in replication checkpoint responses (19).

Therefore, we examined whether RGS12TS-S nuclear dots
are cell cycle-regulated by determining the nuclear immunolo-
calization pattern of RGS12TS-S in HEK-293T cells blocked at
different stages of the cell cycle (Fig. 11). A pattern of evenly
distributed RGS12TS-S nuclear dots was present in asynchro-
nously growing HEK-293T cells. RGS12TS nuclear dots were
unevenly distributed and somewhat clumped together in cells
blocked at the G;/S cell cycle boundary by treatment with
hydroxyurea, aphidicolin, or thymidine. However, nocodazole-
mediated blockade of HEK-293T cells at the G,/M cell cycle
boundary produced loss of RGS12TS-S nuclear dots and a dif-
fuse distribution of RGS12TS in the nucleoplasm. A similar
loss of RGS12TS-S nuclear dots occurred in quiescent cells (G,)
that exited the cell cycle by serum deprivation. The loss of
RGS12TS-S nuclear foci in HEK-293T cells at G, and the Go/M
cell cycle boundaries prompted us to examine the localization of
RGS12TS-S in cells undergoing mitosis. Fig. 11B shows that
RGS12TS-S overlapped with the metaphase chromosome and
evenly distributed to dividing chromosomes. The amount of
RGS12TS-S protein in HEK-293T cells arrested at various
phases of the cell cycle did not differ significantly (Fig. 11C).
These findings suggest that RGS12TS-S localizes to nuclear
dots during the G,/S phase of the cell cycle. The localization of
RGS12TS-S to discrete nuclear foci in HEK-293T cells and the
loss of this localization during the G,/M and G, phases of the
cell cycle appear to be independent of changes in the steady-
state level of RGS12TS-S protein.

Aberrant Nuclear Morphology and Multiple Nuclei in COS-7
Cells QOverexpressing RGS12TS-S—Approximately 10% of
COS-7 cells transiently expressing RGS12TS-S-GFP exhibited
aberrant nuclear morphologies. Fig. 124 illustrates an example
of a dumbbell-shaped nucleus that also has nuclear buds or
blebs. In addition, a significant number of RGS12TS-S-GFP-
expressing COS-7 cells exhibited multiple nuclei (Fig. 12B).
Both of these nuclear anomalies were not observed with other
GFP-tagged RGS proteins including RGS2, RGS4, RGS10,
RGS16, RGS12B-S, and RGS12P-S or in cells transfected with
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FiG. 10. Subcellular localization of native RGS12TS-S. A, immunoblot of subcellular fractions of HEK-293T cells endogenously expressing
RGS12TS-S. HEK-293T cells were lysed and subfractionated into nuclear, cytosolic, and membrane fractions as described under “Experimental
Procedures.” Immunoblotting with RGS12TS-specific antibody was performed on the resulting lysate and an equivalent amount of each fraction
as described under “Experimental Procedures.” Locations of molecular mass markers (in kilodaltons) are shown to the left. B, confocal microscope
images of HEK-293T cells endogenously expressing RGS12TS-S. Green represents fluorescein isothiocyanate (FIT'C) fluorescence from RGS12TS
immunoreactivity; red represents propidium iodide (PI)-stained cell nuclei; and yellow (in the overlay image) represents overlapping green and red
fluorescence. Immunofluorescence measurements of endogenously expressed RGS12TS were performed as described under “Experimental

Procedures.”

GFP vector alone (data not shown). These nuclear abnormali-
ties also were not observed in EcR293-TS-S-GFP cells following
induced expression of RGS12TS-S-GFP. These results suggest
that ectopic expression of RGS12TS-S dysregulates nuclear
division and/or cytokinesis in a subpopulation of COS-7 cells
and that this response is cell type-dependent.

DISCUSSION

This study has elucidated a remarkable complexity in proc-
essing of the RGS12 gene to produce 12 distinct forms of RGS12
differing in both N- and C-terminal sequences. These results
are the first to document alternative splicing of an RGS protein
gene. Thus, both genes for RGS proteins and their presumed
regulatory targets, Ga subunits, may be spliced differentially
to produce proteins with distinct structural features. Our re-
sults show that transcripts encoding the different N-terminal
forms of RGS12 are expressed in a tissue-specific fashion and
that the expression and intracellular pattern of distribution of
RGS12 proteins are affected by splicing at the 5'- and 3’-ends of
their corresponding mRNAs. Our demonstration that the short
forms of RGS12 proteins are nuclear proteins suggests that the
functional role of these proteins might be very different from
that proposed for many members of the RGS protein family.
Indeed, we demonstrate here that native RGS12TS-S exhibits
a pattern of subnuclear targeting to nuclear dots (characteristic

of various tumor suppressor proteins) that is cell cycle-depend-
ent and associates with the metaphase chromosome during
mitosis. Ectopic expression of RGS12TS-S in COS-7 cells in-
duced nuclear abnormalities and multinucleated cells that
were not observed in cells expressing other RGS proteins.
The complexity and mechanism of splicing of the RGS12
gene are extraordinary. First, there appears to be two distinct
primary transcripts arising from the RGS12 gene, one that
includes exon 1 and one that does not. The latter apparently
arises from an alternate transcriptional start site resulting in
retention of sequences from intron 1 and an in-frame transla-
tional start site located 24 bp 5’ to exon 2. Second, the primary
transcript lacking exon 1 can be spliced to remove or retain
intron 3, producing the RGS12P and RGS12L transcripts, re-
spectively. Third, the primary transcript retaining exon 1 un-
dergoes cis- or trans-splicing to generate RGS12B and
RGS12TS, respectively. Finally, the 3'-ends of the RGS12 tran-
scripts are spliced to retain exons 14-16, to skip exon 14, or to
retain intron 15 to produce the long, short, and intermediate
3’-splice forms of RGS12. This splicing appears to occur in each
of the four different 5'-splice forms of RGS12. Reverse tran-
scription-PCR analysis showed that the RGS12 transcripts en-
coding the four N-terminal forms of RGS12 are expressed in a
tissue-specific fashion, i.e. with transcripts encoding RGS12B
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Fic. 11. Cell cycle regulation of RGS12TS-S nuclear dots. A, confocal microscope overlay images of endogenously expressed RGS12TS-S in
HEK-293T cells growing asynchronously (panel a) or blocked at various phases of the cell cycle by treatment for 24 h with hydroxyurea (panel b),
thymidine (panel c), aphidicolin (panel d), and nocodazole (panel e). HEK-293T cells were also deprived of serum (panel f) by culturing for 32 h in
serum-free DMEM. Endogenously expressed RGS12TS-S (green) is seen against the propidium iodide-stained cell nucleus (red). B, confocal
microscope images of RGS12TS-S localization within mitotic HEK-293T cells. Green fluorescence represents RGS12TS-S immunoreactivity, and
red fluorescence represents propidium iodide (PI)-stained cell nuclei. C, immunoblot of RGS12TS-S in lysates of HEK-293T cells blocked at various
phases of the cell cycle. Immunoblotting of a-tubulin is shown as a control for protein loading.

present only in brain, those encoding RGS12L present only in
lung, and those encoding RGS12P and RGS12TS present in
several tissues. Thus, these unique transcripts appear to orig-
inate in an orderly and tissue-specific fashion.

RGS12TS is unique in being the only RGS12 protein encoded
by splicing of transcripts from discontinuous gene segments, a

particularly novel ¢rans-splicing mechanism that has been de-
scribed previously in only a limited number of genes. Such
intermolecular splicing has been implicated in the generation
of mRNA species in protozoa, plants, and mammals (16). In
mammals, rat androgen-binding protein/sex hormone-binding
globulin gene transcripts, located on chromosome 10, are fused



29670
GFP

Fic. 12. RGS12TS-S induces forma-
tion of abnormally shaped and multi-
ple nuclei in COS-7 cells. A, confocal
microscope images depicting nuclear
anomalies in COS-7 cells ectopically ex-
pressing RGS12TS-S-GFP. Green repre-
sents GFP fluorescence from expressed
RGS12TS-S, and red fluorescence re-
presents propidium iodide (PI)-stained
cell nucleus. B, confocal microscope im-
ages showing formation of multiple nuclei
in transfected COS-7 cells ectopically ex-
pressing RGS12TS-S-GFP. Immuno-
staining of a-tubulin was performed for
visualization of the cell cytoplasm. Green
represents GFP fluorescence from
expressed RGS12TS-S, and red fluores-
cence represents endogenous a-tubulin
immunoreactivity.

in mature mRNA transcripts to histidine decarboxylase gene
transcripts, originating from chromosome 3 (27). Similar trans-
splicing of coding sequences from different chromosomes gen-
erates c-Myb mRNA in human thymic cells (28). trans-Splicing
also generates multi-isotype immunoglobulin transcripts from
a single B lymphocyte and multiple types of chimeric germ-line
immunoglobulin heavy chain transcripts in human B cells (29,
30). We considered the possibility that RGS12TS could arise
from a recombinant gene, arising in a somatic cell from chro-
mosomal breakage and gene rearrangement. However, no evi-
dence indicates the occurrence of such widespread gene rear-
rangements in a subpopulation of cells in healthy individuals
(i.e. CLONTECH cDNAs), and the existing gene data bases
show that the sequence encoding the 5’-end of RGS12TS is
located 170 kilobases downstream from the RGS12 gene on the
opposite DNA strand.

It seems likely that the complex pattern of splicing of RGS12
mRNAs is reflective of cellular mechanisms for orchestrating a
diversity of functions for the encoded RGS12 proteins. Our
results suggest that splicing at the 3’-end of RGS12 transcripts
affects expression/stability of the protein, whereas RGS12 tran-
scripts encoding three different N-terminal forms of RGS12
showed equivalent levels of expression in the nucleus. How-
ever, splicing at the 5’-end of the primary RGS12 transcript
can produce RGS12 proteins that are targeted to discrete in-
tranuclear sites as observed for RGS12TS-S. On the other
hand, retention of RGS12 mRNA sequences encoding the 491-
amino acid C-terminal region of all short forms of RGS12 may
reflect the importance of this region for RGS12 activity. Al-
though this region includes the conserved RGS domain, it
shares no homology with any other protein except RGS14,
whose function is not yet known.

Both ectopically expressed short forms of RGS12 proteins
and native RGS12TS-S in HEK-293T cells are localized to the
nucleus, suggesting that these proteins are constitutively nu-
clear proteins; yet we cannot discount the possibility that
RGS12 proteins might translocate out of the nucleus in re-
sponse to some type of cellular stimulus. The presence of RGS
proteins in the nucleus suggests a dramatic separation in space
from their presumed regulatory targets, i.e. Ga proteins. We
are unaware of evidence for nuclear localization of Ga subunits,
although Park et al. (31) recently showed that GBvy; complexes
localize to the nucleus in NIH 3T3-L1 cells and attenuate the
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transcriptional repression activity of adipocyte enhancer-bind-
ing protein (AEBP1). If Ga subunits do not localize to and exert
regulatory effects in the nucleus, it seems possible that RGS
proteins could have other functions in the nucleus. This seems
particularly likely for RGS12 proteins in view of their apparent
exclusive localization within the nucleus and the considerable

contribution of non-RGS domain sequences to the primary
structure of these proteins. However, RGS12 proteins are not
unique among RGS proteins in their nuclear localization. We
recently showed that RGS4 and RGS16, although predomi-
nantly cytoplasmic proteins, shuttle in and out of the nucleus
via a leptomycin B-sensitive pathway, whereas RGS2 and
RGS10 are predominantly nuclear proteins (14).

However, RGS12TS-S is unique among RGS proteins in its
subnuclear organization into nuclear dots, a feature shared by
various tumor suppressor proteins. Our results suggest that
RGS12TS-S localizes to nuclear dots during the G,/S phase of
the cell cycle and that this occurs independent of changes in the
steady-state concentration of the protein. BRCA1 and BARD1
also localize to nuclear dots during progression to S phase and
disperse thereafter (19, 20). Although BRCA1 localization into
these structures is accompanied by increases in both its steady-
state level and phosphorylation state, localization of BARD1 in
these nuclear dots occurs independent of changes in its content
(20). Whether the mechanism underlying formation of
RGS12TS-S nuclear dots involves its phosphorylation or other
modification and/or its interaction with other proteins as part
of a multiprotein complex is not known at present. However,
RGS12TS-S is rich in consensus sites for phosphorylation by
various protein kinases and possesses various protein-binding
modules including a PDZ domain (amino acids 30-99), a phos-
photyrosine-binding domain (amino acids 225—-374), a phospho-
tyrosine-interacting domain (amino acids 928-939), two Ras-
like Raf-binding domains (amino acids 962-1032 and 1034—
1104), and a guanylyl nucleotide exchange factor domain
(amino acids 1187-1209) in addition to its RGS domain (amino
acids 715—-832). Although the precise function of BRCA1 is
unknown, the sensitivity of S phase BRCA1 nuclear dots to
DNA damage (19), the inability of BRCA1-deficient stem cells
to carry out transcription-coupled DNA repair (32), and the
presence of germ-line mutations in BRCA1 in approximately
half the heritable forms of breast and ovarian cancers (33)
suggest an important role in genome surveillance.
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Thus, it is interesting to note that RGS12TS-S is unique
among various RGS proteins we examined in its ability to
produce abnormal nuclear morphology and multinucleated
cells when ectopically expressed in COS-7 cells. The mecha-
nism by which RGS12TS-S influences nuclear morphology is
not clear; however, it appears that ectopic expression of
RGS12TS-S dysregulates cytokinesis and/or nuclear division in
COS-7 cells. The precise biochemical events involved in regu-
lation of nuclear and cell division processes are not fully un-
derstood. Among various proteins implicated in cytokinesis and
DNA replication checkpoint control are aurora and Ipll-like
midbody-associated protein (AIM-1) and ataxia telangiectasia
mutated- and Rad3-related protein (ATR) (34, 35). Ectopic ex-
pression of AIM-1 or its kinase-inactive mutant induces abnor-
mally shaped and multiple nuclei in cells (34), as we observed
here for RGS12TS-S. Obviously, further studies are needed to
define the precise biological role of RGS12TS-S and the mech-
anisms underlying its localization/delocalization in nuclear
dots and its ability to induce nuclear anomalies upon its over-
expression. The observed cell cycle-dependent localization of
RGS12TS-S in nuclear dots and its ability to induce nuclear
aberrations may indicate the involvement of RGS12TS-S in
nuclear processes that are cell cycle-regulated.

It is important to consider the present results in relation to
previous studies of RGS12. Koelle and Horvitz (3) first identi-
fied and named a partial expressed sequence tag as RGS12
based upon its homology to the RGS domains of Egl-10, RGS1,
and RGS2. Although the identity of this transcript is unknown
because it includes only 51 amino acids of the RGS domain, we
utilized this sequence to amplify the RGS12 transcripts de-
scribed here. Snow et al. (36) first isolated, by hybridization
screening, a rat homolog of the cDNA named RGS12TS-I in the
present study. We then reported sequences encoding the long
forms of the four N-terminal forms of RGS12 in the Gen-
Bank™YEBI Data Bank. Snow et al. (37) used a probe to the
unique 3’-end of one of the sequences we reported to show that
RGS12TS transcripts also exist with this unique 3’-end (i.e.
corresponding to the long forms described here). In this same
report, these workers identified a cDNA encoding a rat homolog
of RGS12B and showed that a recombinant fusion protein of
the RGS domain of rat RGS12 acted as a GTPase-activating
protein in vitro for recombinant Ge; and Ge,, but not Geg or
Ga,. However, we failed to detect Go; immunoreactivity in
RGS12TS-S nuclear dots or changes in plasma membrane-
associated Go; immunoreactivity in EcR293-12TS-GFP cells
following inducible expression of RGS12TS-S (data not shown).
Mao et al. (38) recently showed that transfection of NIH 3T3
cells with rat RGS12TS-I attenuated serum response factor
activation mediated by GTPase-deficient forms of G, and G4
as well as by receptors acting through both G,/,-dependent
and -independent pathways. These results raise interesting
questions concerning how this effect of RGS12TS-I is mediated,
in part due to the lack of GTPase-activating protein activity of
the isolated RGS domain of this protein toward G, (37). More-
over, the ability of rat RGS12 to inhibit responses mediated by
GTPase-deficient forms of G5 suggests this effect is not
likely a result of GTPase activation. Although we cannot dis-
count the sequence differences between the rat RGS12TS used
in the study by Mao et al. (38) or their use of NTH 3T3 cells, our
results show that this form of RGS12TS is not measurably
expressed in COS-7 cells. In view of our evidence for nuclear
expression of RGS12, its interesting to consider a possible
direct nuclear role of RGS12 in inhibition of serum response
factor-mediated gene transcription, particularly that mediated
by GTPase-deficient forms of Gyy/;35.

It is still unclear why such a large family of genes encoding
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RGS proteins exists in man and other species. Here, we have
complicated this issue by demonstrating that a single gene in
this family can be processed to 12 distinct RGS protein tran-
scripts. Perhaps the observed differential expression of these
forms in a heterologous system and their nuclear patterns of
expression reflect attributes fundamentally important to the
cellular activities of these proteins. Despite the presence of an
RGS domain, the apparent constitutive nuclear localization of
RGS12 proteins implicates them in activities distinct from
regulation of cell-surface G protein-coupled receptor signaling.
Hopefully, these results will facilitate studies to define the
biological functions of RGS proteins in the nucleus.
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