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A Calmodulin-Related Protein 
ly one-third (10134) of the rgs-CaM primary 
transformants in N. benthamiana developed 
an unusual phenotype that was also observed 

That Suppresses Posttranscriptional in plants expresskg the potyviral HC-Pro 
suppressor of gene silencing: a small differ-
entiated tumor that forms at the junction of

Gene Silencing in Plants the stem and the root (Fig. 2, A, E, and G, 
compare with C). Like tumors in the HC-Pro 

Radhamani ~nandalakshmi,'*Rajendra Marathe,'* Xin Ge,' transgenic lines, the rgs-CaM tumors are 
J. M. Herr ~r.,'Christopher Mau? Allison Mallory,' Gail Pruss,' composed of cells that are properly differen-

Lewis Bowman,' Vicki B. Vance't tiated but aberrantly arranged (compare the 
arrangement of cells in the tumors shown in 

Posttranscriptional gene silencing (PTCS) is an ancient eukaryotic regulatory Fig. 2, F and H, with the normal arrangement 
mechanism in which a particular RNA sequence is targeted and destroyed. The of cells at the stem-root junction shown in 
helper component-proteinase (HC-Pro) of plant potyviruses suppresses PTCS Fig. 2D). Northern analysis of RNA from an 
in plants. Using a yeast two-hybrid system, we identified a calmodulin-related rgs-CaM line with the tumor phenotype 
protein (termed rgs-CaM) that interacts with HC-Pro. Here we report that shows a very high level of rgs-CaM expres-
rgs-CaM, like HC-Pro itself, suppresses gene silencing. Our work is the first sion as compared with nontransgenic control 
report identifying a cellular suppressor of PTCS. plants (Fig. 2B, compare lanes 1 and 2). 

Because transgenic lines that overexpress 
Although PTGS was first identified in plant protein). The features of rgs-CaM include a rgs-CaM have a phenotype similar to that 
systems, similar pathways appear to operate C-terminal domain containing three EF-hand seen in transgenic lines that express HC-Pro, 
in filamentous fungi, nematodes, and a vari- calcium binding motifs with high similarity we expected that rgs-CaM might also be a 
ety of animal systems where it is referred to to plant calmodulins and calmodulin-related suppressor of PTGS. 
as RNA interference (1-4). Double-stranded proteins, as well as an N-terminal domain of To test whether a transgenic line that 
RNA (dsRNA) induces PTGS in many sys- 40 to 50 amino acids that may specify the overexpresses rgs-CaM is altered in PTGS, 
tems (5-7) and, in plants, it can also be intracellular location or the regulatory prop- we used a virus-induced gene-silencing (VIGS) 
triggered by cytoplasmically replicating vi- erties of rgs-CaM (Fig. 1A). rgs-CaM mRNA assay (11,13,21). In the VIGS assay, a plant 
ruses, many of which produce dsRNA repli- is present at low levels in leaves and flowers line transgenic for a reporter gene is infected 
cation intermediates (8, 9). Once the mecha- (Fig. lB, lanes 1and 2) and at higher levels in with a viral vector carrying the same reporter 
nism is activated, any homologous RNA is stem and root (Fig. lB, lanes 3 and 4). Ex- gene. The viral vector initially replicates and 
degraded, whether it is transcribed from the pression of rgs-CaM can be induced in leaves moves systemically through the plant, ex-
transgene, the endogenous gene, or the viral of Nicotiana tabacum (cv. Havana 425) when pressing high levels of the reporter gene. 
RNA. The fact that plant viruses can act both HC-Pro is also expressed, either from a trans- Later in infection, VIGS is triggered, silenc-
as inducers and as targets of posttranscrip- gene (Fig. lB, compare lanes 5 and 6) or ing the transgene and, ultimately, the viral 
tional gene silencing (8-12) has led to the from infection with a virus that encodes HC- vector as well. We have previously shown 
idea that PTGS evolved as a defense mecha- Pro (Fig. lB, compare lanes 7 and 8 with that HC-Pro interferes with VIGS in a green 
nism against viruses in plants. Our work and lanes 9 and lo), indicatingthat HC-Pro either fluorescent protein (GFP) transgenic line (N. 
that of others identified the first reported directly or indirectly controls rgs-CaM benthamiana line 16C) infected with a potato 
suppressor of PTGS, the HC-Pro of plant mRNA levels. virus X (PVX) vector carrying GFP (PVX-
potyviruses (13-15). Additional viral sup- Our initial approach to determine whether GFP) (13). To test the effect of rgs-CaM in 
pressors have been reported since (16, 17). rgs-CaM plays a role in gene silencingwas to the same system, we crossed an rgs-CaM-
The findingthat viral proteins suppressPTGS overexpressit in transgenic plants (20). Near- expressing transgenic line with the GFP-ex-
supports the idea that silencing is a natural 
antiviral defense pathway and provides an ~ i ~ .1. sequence and ex- A ********** ****.***** *****lee** ****.***** ********** approach to understanding the ~~echanismof pression profile of rgs- I MESVSVPSVE NKSYFSRLRK RFSLKKATTT ITITTITTDY LSMSSSSKSN 
PTGS in plants. CaM. (A) Amino acid se-

Because the effect of HC-Pro on suppres- quence of rgs-CaM show- ---------Ep-Hand--------- --am-- -

ing the location of 5 1  NSGELpRVFT YFDENGDGKV SPAELRRCVK AVGGELTVEE AEMAVRLSDS 
sion of PTGS is clearly mediated by protein, 
rather than RNA (13, 14), we used the yeast EF-hands in the calmodu- -EF-H~,,~---------

lin-like C-telWlinal domain. 101 DGDGLLOLED FTKLMEGMEE ERNKESELIG APGMYEMEGS GYITPKSLKMtwo-hybrid system (18) to search for plant Asterisks appear above 
proteins that interact with HC-Pro and that amino acids comprising ---------EP-H~~~----------

may, therefore, be involved in silencing. the N-terminal extension 151 MLSRLGESTS IDNCKAMIQR FDINGDGVLN FDEFKAMMTS 

Eight tobacco proteins were identified by on rgs-CaM. (B) Northern 
their interaction with tobacco etch viral anabsis the levelB * - -.% w..qwun
(TEV) HC-Pro in this assay (191, including a ~ & $ $ ~ ~ ~ ~ ~ ~ ~h e  -3 c 
calmodulin-related protein termed rgs-CaM (,. Xanthi) flowers(lane
(regulator of gene silencing<almodulin-like I), leaves (lane 2), stems 

(lane 3), roots (lane 4), or 1 2 3 4 5 6 7 8 9 1 0  

in leaves of nontransformed N. tabacum (cv. Havana 425) (lane S), or transgenic line U-6B (29) 
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pressing line 16C to produce plants hemizy- 
gous for both the GFP and rgs-CaM trans- 
genes. These plants were infected with PVX- 
GFP. Plants expressing high levels of rgs- 
CaM (Fig. 3D, lane 2) either failed to silence 
or showed only delayed and reduced silenc- 
ing when infected with PVX-GFP. Thus, 
plants that overexpress rgs-CaM continued to 
fluoresce green under long-wave ultraviolet 
(UV) light 10 days after inoculation with 
PVX-GFP (Fig. 3B) and accumulated high 
levels of both the GFP-transgene rnRNA and 
the PVX-GFP viral RNAs (Fig. 3C, lane 2). 
In contrast, hemizygous 16C control plants 
(without the rgs-CaM transgene) became 
completely silenced for the GFP transgene at 
about 10 days after inoculation with PVX- 
GFP, as demonstrated by failure to produce 
GFP (Fig. 3A), as well as by a dramatic 
reduction in both ~ ~ p - t r a n s ~ e n e  RNA and 
PVX-GFP viral RNA (Fig. 3C, lane 3). These 
results show that a transgenic line that over- 
expresses rgs-CaM is defective in silencing, 
supporting the idea that rgs-CaM is a cellular 
suppressor of FTGS. 

To further test the role of rgs-CaM in gene 
silencing, we used a reversal of silencing 
assay (14). In this approach, a transgenic line 
(line 16C) expressing high levels of GFP is 
induced for silencing by infiltrating its leaves 
with Agrobacterium tumifaciens carrying a 
plasmid that also expresses GFP. The 
Agrobacterium induces a localized PTGS of 
the GFP transgene, which subsequently 
spreads systemically throughout the plant. 
The silencing of GFP in these plants can be 
reversed by infection with a PVX vector that 
expresses a viral suppressor of silencing,. 
such as the potyviral HC-pro (14). In o& 
experiments (22), we silenced the GFP trans- 
gene by infiltration with Agrobacterium and 
then infected the silenced plants with PVX 
vectors carrying wild-type Pl/HC-Pro [PVX- 
5'TEV (23)] from the potyvirus TEV, an 
untranslatable version of the TEV HC-Pro 
[PVX-noHC (23)], or the rgs-CaM cDNA 
sequence (PVX-rgsCaM). Plants infected with 
each of these viruses developed symptoms 
typical of the particular PVX vector (a mild 
mosaic pattern on leaves for PVX-rgsCaM 
and PVX-noHC or a systemic necrosis for 
PVX-5'TEV). As previously shown (13,14), 
the plants infected with PVX-noHC remained 
silenced for the GFP transgene (and, there- 
fore, red under W light, Fig. 4A). In con- 
trast, plants infected with PVX-rgsCaM 
showed reversal of the GFP silencing in the 
systemically infected portion of the previous- 
ly silenced plant similar to that induced by 
PVX-S'TEV (Fig. 4B, areas of green in the 
red background). RNA blot analyses showed 
that GFP mRNA is present in almost the 
amounts found,before silencing when FTGS 
is suppressed by either HC-Pro or rgs-CaM 
(Fig. 4C). This result is consistent with that 

Fig. 2. A differentiated tumor forms at the stem-root junction of tobacco plants transgenic for 
either HC-Pro (E and F) or rgs-CaM (A, C, and H). (A) Phenotype of nontransformed N. benthamiana 
plant (NT) compared with that of an rgs-CaM transgenic line (rgs-CaM). (B) Northern analysis 
showing level of rgs-CaM mRNA from leaves of nontransformed control plants (lane 1) or the 
equivalent leaves of the rgs-CaM line shown in (A) (lane 2). (C) Stem-root junction in nontrans- 
formed control tobacco plant. (D) Cross section through the stem-root junction in control plants. 
(E and C)  Tumors at the stem-root junction of HC-Pro or rgs-CaM transgenic lines, respectively. (F 
and H) Cross sections showing aberrant arrangement of differentiated cells in HC-Pro and rgs-CaM 
transgenic lines, respectively. The arrows (in A, E, and C) point to  the tumors at the stem-root 
junction in the rgs-CaM and HC-Pro transgenic plants. 

0- PVX-GFP 

(A) A hemizygous CFP- - GFP 
transgene expressing transgenic line 

infected with PVX-CFP 1 2 3  
showing VlCS of CFP. (B) 
A hemizygous transgenic D - -rgs-CaM 

line expressing both CFP 1 2 3  
and i g s - ~ a M  infected 
with PVX-CFP showing continued expression of CFP. (C) RNA gel blots showin levels of RNA from 
PVX-CFP and CFP transgene in the uninoculated hemizygous CFP line (lane I!; in the hemizygous 
CFP, rgs-CaM line infected with PVX-CFP (lane 2); or in the hemizygous CFP line infected with 
PVX-CFP (lane 3). (D) RNA gel blot showing level of rgs-CaM mRNA in the same plants listed in 
panel (C). 

Fig. 4. Reversal of PTCS by 
infection with a PVX vector 
expressing rgs-CaM. (A) A 
plant silenced for the CFP 
transgene and infected with 
a PVX vector expressing an 
untranslatable-HC-Pro re- 
mains silenced for CFP. (B) 
A plant silenced for the CFP 
transgene and infected 
with a PVX vector expressing rgs-CaM shows reversal of CFP silencing. (C) Northern analysis 
showing CFP mRNA in the CFP transgenic line 16C before (lane 1) and after (lane 2) infiltration 
with Agrobacterium to  induce PTCS of the CFP transgene. Agrobacterium-silenced plants were 
infected with PVX carrying a nontranslatable HC-Pro (lane 3), or with PVX expressing either 
wild-type TEV HC-Pro (lane 4) or rgs-CaM (lane 5). 
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from the VIGS assay described above and is 
a direct demonstration that rgs-CaM is a cel- 
lular suppressor of PTGS. 

Gene silencing is an important genetic 
mechanism with both theoretical and practi- 
cal implications. Mutant studies have recent- 
ly led to the identification of several eukary- 
otic proteins that are required for PTGS and 
are likely components of the silencing ma- 
chinery (4, 24, 25). Viral suppressors of 
PTGS provide a powerful tool for finding 
additional cellular proteins involved in 
PTGS, including ones that might not be eas- 
ily found by using mutants. Because calmod- 
ulin and related proteins normally act by 
binding calcium and subsequent activation of 
target proteins (26, 27), this finding points to 
a role for calcium in regulating the activity of 
the PTGS pathway and predicts that the 
downstream target protein of rgs-CaM will 
also be a suppressor of PTGS. Given that 
rgs-CaM was found by its interaction with 
HC-Pro and that its expression can be in- 
duced by HC-Pro, it is tempting to speculate 
that the suppression of PTGS by HC-Pro is 
mediated, at least in part, by the activation of 
rgs-CaM and subsequent amplification of an 
endogenous pathway that negatively regu-
lates gene-silencing activity. 
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Regulation of STAT3 by Direct 

Binding to the Racl GTPase 
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The signal transducers and activators of transcription (STAT) transcription 
factors become phosphorylated on tyrosine and translocate to the nucleus after 
stimulation of cells with growth factors or cytokines. We show that the Racl 
guanosine triphosphatase can bind to and regulate STAT3 activity. Dominant 
negative Racl inhibited STAT3 activation by growth factors, whereas activated 
Racl stimulated STAT3 phosphorylation on both tyrosine and serine residues. 
Moreover, activated Racl formed a complex with STAT3 in mammalian cells. 
Yeast two-hybrid analysis indicated that STAT3 binds directly to active but not 
inactive Racl and that the interaction occurs via the effector domain. Racl may 
serve as an alternate mechanism for targeting STAT3 to tyrosine kinase sig- 
naling complexes. 

Members of the STAT family of transcription 
factors are unusual among transcription fac- 
tors in that they have characteristics of cyto- 
plasmic signaling molecules such as an Src- 
homology 2 (SH2) domain and tyrosine phos- 
phorylation sites (I).The SH2 domain targets 
the STATs to cytokine receptors such as the 
interleukin-6 (IL-6) and interferon-y recep- 
tors (2). Upon tyrosine phosphorylation in 
response to receptor activation, the STATs 
dimerize through interaction of the SH2 do- 
main with phosphorylated tyrosine residues 
and translocate to the nucleus. There, they 
directly bind DNA and form complexes with 
other transcription factors through protein- 
protein interactions (3). Several of the STATs 
are also activated by growth factor receptors 
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(4, 5). Receptor kinases, Jak family kinases. 
and Src family kinases have been implicated 
in this process (6-10). Reactive oxygen spe- 
cies (ROS) activate the Jak2 and TYK2 ki- 
nases as well as STAT3 and participate in 
growth factor signaling to the STATs (II). 
Because the small guanosine triphosphatase 
(GTPase) Rac has been implicated in the 
generation of ROS in response to growth 
factors (12), we investigated whether Rac 1 has 
a role in STAT3 activation by growth factors. 

Dominant negative N17Rac was cotrans- 
fected with STAT3 into COS-1 cells and 
phosphorylation of STAT3 in response to 
epidermal growth factor (EGF) stimulation 
was examined with phospho-specific anti-
bodies. EGF treatment resulted in stimulation 
of both tyrosine and serine phosphorylation 
of STAT3 (Fig. 1A). However, dominant 
negative Racl completely abolished STAT3 
phosphorylation on both tyrosine and serine 
residues induced by EGF. but had no effect 
on STAT3 expression (COS-1 cells express 
very little endogenous STAT3). In contrast. 
cotransfection with wild-type Racl did not 
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