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Small nucleolar RNAs (snoRNAs) are emerging as an important new class 
of genes deregulated in cancer. Orphans snoRNAs are encoded outside 
of ribosomal protein genes and are involved in either gene splicing or are 
microRNA precursors. In this issue of JCI, Chu et al. find that ACA11, an 
orphan snoRNA encoded in an intron of the WHSC1 gene, is aberrantly 
overexpressed in t(4;14)-positive patients with multiple myeloma (MM), 
in which it influences growth of MM cells, resistance to chemotherapy, 
and oxidative stress. These findings represent the first identification of a 
snoRNA overexpressed as a consequence of a chromosomal translocation, a 
potent driving force of the neoplastic process in general and hematopoietic 
malignancies in particular.

It is now believed that the increase in 
the complexity of our genome over the 
course of evolution has been more asso-
ciated with an expansion of expressed 
noncoding regions of DNA than an 
increase in protein-coding genes. Thus, 
a new dimension in our understanding 
of gene regulation is emerging in which 
each RNA transcript is potentially able to 
influence cellular homeostasis. Indeed, 
it has been demonstrated that long 
noncoding RNAs (lncRNAs) can influ-
ence the epigenetic landscape of DNA 
(reviewed in ref. 1), while pseudogenes, 
lncRNAs, and mRNAs can all act as 
competing endogenous RNAs (ceRNAs)  
for microRNA (miRNA) binding (2). In 
addition, miRNAs are modulators of 
mRNA stability and protein synthesis, 
while small nucleolar RNAs (snoRNAs) 
are commonly involved in ribosomal bio-
genesis (reviewed in refs. 3, 4). Hence, a 
major investigational challenge in cellu-
lar and cancer biology is now to decipher 
the functional roles and relationships 
between coding and noncoding genes 
and how this aberrant cross talk may lead 
to the development of cancer. Toward 
this end, in this issue of JCI, Chu et al. 
demonstrate a novel and unexpected rela-
tionship between genetic translocations 
and aberrant expression of snoRNAs in 
the hematopoietic malignancy multiple 
myeloma (MM; ref. 5).

Aberrant gene fusions resulting from 
chromosomal translocations are particu-
larly distinctive of hematopoietic malig-
nancies. The chimeric gene products 
resulting from such fusions are often 
more than the sum of their two com-
ponents, and Chu et al. investigate just 
such a case, identifying a “hidden player” 
involved in the t(4:14) translocation of 
MM: ACA11 (also known as SCARNA22), 
a snoRNA located in the intron of the 
Wolf-Hirschhorn syndrome candidate 1 
(WHSC1) gene.

MM is an incurable cancer of B-lineage 
plasma cells that accounts for more 
than 13% of hematologic malignancies. 
It is characterized by clonal expansion 
of malignant cells in the bone marrow 
and is associated with anemia, renal 
failure, and cortical bone destruction 
(6). MM is a heterogeneous disease that 
results from several genetic abnormali-
ties, including a t(4;14)(p16.3;q32.3) 
chromosomal translocation involving 
the immunoglobulin heavy chain region 
enhancer and the 5′ end of WHSC1. This 
genetic event occurs in more than 20% of 
patients with MM and results in the aber-
rant overexpression of WHSC1 (7). The 
oncogenic role of this translocation has 
been previously characterized, but Chu 
et al. add to the existing picture, demon-
strating that ACA11, an orphan box H/
ACA class snoRNA encoded within an 
intron of the WHSC1 gene, can act as an 
additional driving force in MM (and pos-
sibly in other cancers in which ACA11 is 
overexpressed) by cooperating with the 
three major isoforms of WHSC1 (5).

snoRNAs in cellular homeostasis 
and cancer
snoRNAs are one of the largest groups of 
single-stranded small noncoding RNAs 
(ncRNAs; 60–300 nt) and generally are 
involved in posttranscriptional modifi-
cation of ribosomal RNAs (rRNAs) and 
small nuclear RNAs (snRNAs) (reviewed 
in refs. 3, 4). Located in the nucleolus, 
snoRNAs are one of the most conserved 
species of ncRNAs: a number of homologs 
of eukaryotic snoRNAs have been identi-
fied in prokaryotes as well as in archaea. 
Even though global alteration of snoRNA-
guided posttranscriptional rRNA modifi-
cations (e.g., pseudouridylation and meth-
ylation) negatively affects cell growth and 
viability, inactivation of individual sno-
RNAs and their respective rRNA modifi-
cations was found to be dispensable for 
growth, indicating that the modifications 
are not essential, at least in yeast (3). Thus, 
for several years the scientific community 
has considered snoRNAs as housekeeping 
genes, with a relatively low impact on cel-
lular homeostasis.

Several lines of evidence suggest that 
a dramatic change has taken place in 
snoRNA functions over the course of 
their evolution. The majority of snoRNAs  
are encoded in introns of host genes 
and are in this way transcriptionally and 
functionally related to their hosts. Yet, 
although ancient snoRNAs are predomi-
nantly located within host genes involved 
in ribosomal biogenesis and protein 
translation, functional characteriza-
tion of those snoRNAs that have landed 
in their current genomic location more 
recently (8) is currently lacking. We specu-
late that snoRNAs are currently evolving 
as a new class of small regulator RNAs. 
This hypothesis is supported by the 
recent observation of different snoRNAs  
with no apparent sequence complemen-
tarity to either rRNA or other snoRNAs.  
These orphan snoRNAs are often 
expressed in a tissue-specific manner and 
can be localized either in introns of long 
ncRNAs or in coding genes unrelated to 
ribosomal biogenesis, such as WHSC1.
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The role of small ncRNAs in tumorigen-
esis has been investigated with respect to 
miRNAs (reviewed in ref. 9), but a recent 
wave of papers suggests that snoRNAs 
also play a pivotal role in cancer biol-
ogy (reviewed in ref. 10). For example, 
snoRNA U50 is mutated and downregu-
lated in prostate and breast cancer, and 
a homozygous 2-bp (TT) deletion iden-
tified in breast and prostate cell lines as 
well as patients with breast and prostate 
cancer abrogates the ability of U50 to 
inhibit anchorage-independent growth 
(11). Conversely, a recent deep sequenc-
ing analysis for snRNAs in prostate can-
cer has shown an increase in both global 
snoRNAs and transfer RNA expression 
in metastatic lymph node prostate can-
cer when compared with that in primary 
prostate cancer, suggesting a possible 
oncogenic role for snoRNAs, particularly 
in advanced tumors (12). Although these 
and other papers clearly point to the bio-
logical significance of snoRNAs in cancer, 
the mechanisms by which their loss or 
gain of function affects cellular homeo-
stasis, and thus influences transforma-
tion, are yet to be defined.

Insights into unexpected mechanisms 
of the function of orphan snoRNAs can 
arise from their host genes. For instance, 
growth arrest-specific transcript 5 (GAS5) 
contains in its introns several snoRNAs 
constitutively expressed and involved in 
rRNA biogenesis. Conversely, GAS5 is 
practically undetected in proliferating 
cells, as a consequence of nonsense-medi-
ated decay, but it rapidly accumulates in 
growth-arrested cells upon serum depri-
vation and inhibition of protein trans-
lation as well as in confluent cells (13). 
GAS5 acts as a decoy RNA for the glu-
cocorticoid receptor (GR) by preventing 
the binding of GR to target genes. Thus, 
starved cells are not able to activate GR-
responsive genes and are more sensitive to 
apoptotic stimuli (14). Hence, snoRNAs 
and their host genes’ RNAs could cooper-
atively act as a protein decoy or as ceRNAs,  
as we will discuss below.

ACA11 — a novel oncogene in MM
ACA11 is encoded within intron 18–19 of 
the WHSC1 gene overexpressed in t(4:14)-
positive MM. Even though the oncogenic 
potential of WHSC1 isoforms has been 
previously reported (15), in their study, 
Chu et al. demonstrate that none of the 
Eµ-WHSC1 mice have a hematopoietic 
phenotype and that retroviral overexpres-

sion of WHSC1 isoforms in bone marrow 
precursor cells does not result in transfor-
mation, even in a tumor-prone Cdkn2a–/–  
background (5). The authors investigated 
the locus using a tiling array chip span-
ning the translocation breakpoint and 
demonstrated ACA11 overexpression in 
t(4;14)-positive MM cells and patients. 
More surprisingly, ACA11 did not bind 
proteins of the pseudouridylation 
machinery but instead proteins involved 
in splicing, such as heterogeneous nucle-
ar ribonucleoproteins (HNRNPs). These 
data suggest an alternative mechanism 
of action of this snoRNA in cancer. Fur-
thermore, small nuclear ribonuclear 
protein ACA11 complexes were found to 
interact with other snoRNA intermedi-
ates located within introns of ribosomal 
protein (RP) host genes. Intriguingly, the 
authors observed a powerful association 
between t(4;14)-positive MM and down-
regulation of RP genes. Indeed, ACA11 
overexpression reduced the expression 
of some RP proteins but did not affect 
normal ribosomal biogenesis. Thus, 
ACA11 seems not to be involved in clas-
sical rRNA modifications. Additionally, 
Chu and collaborators followed up on a 
recently described link between snoRNAs  
and oxidative stress. Lipotoxic stress 
induces snoRNAs U32A, U33, and U35A, 
which in turn delocalize in the cytoplasm 
and sensitize cells to oxidative stress (16), 
while ACA11 overexpression in MM cells 
downregulates U33 and the RPL13A host 
gene. Thus, when ACA11 is overexpressed 
in MEFs or in t(4;14)-negative MM cells, 
it suppresses ROS upon H2O2 treatment, 
and its downregulation increases ROS 
production, decreases cell proliferation, 
and sensitizes t(4;14)-positive MM cells 
to chemotherapy. Strikingly, ACA11 
silencing impaired tumor growth of an 
MM cell line (5).

snoRNAs in cancer — future 
perspectives
The study by Chu et al. does not explicitly 
describe the mechanisms by which ACA11 
or U32A, U33, and U35A influence cell 
proliferation and stress response, but 
the findings suggest that these snoRNAs  
are not working in a canonical way. 
Chu et al. demonstrate that ACA11 
binds HNRNPs rather than the pro-
teins involved in ribosomal biogenesis; 
in addition, metabolic stress increases 
cytoplasmic levels of U32A, U33, and 
U35A without affecting their nuclear 

level. Other recently discovered snoRNAs 
exhibit a similar profile; several with no 
specific complementarity to rRNAs but 
with tissue-specific expression have been 
identified. More surprisingly, snoRNA-
derived miRNAs have been identified 
and validated. These snoRNAs can be 
processed in a Dicer-dependent manner 
into functional miRNAs or small RNAs 
with a miRNA-like function of posttran-
scriptional downmodulation by base 
pair pairing (17). It remains to be estab-
lished whether this phenomenon is wide-
spread and applies to other snoRNAs,  
such as ACA11.

Base pair complementarity, however, 
seems to be an intrinsic property of all 
RNA molecules from ancestral to more 
recently evolved species, and this fea-
ture is conserved in both long and small 
transcripts. The mechanism of action is 
relatively simple and intuitive, but the 
biological consequences are enormous: 
the fluctuation or the dislocation of one 
RNA species that is complementary to 
another can affect the biological func-
tion of the partner, by titrating out the 
latter from the system when the two 
components are bound. We and other 
groups have shown that RNA molecules 
that share miRNA-responsive elements 
can regulate each other by competing for 
miRNA binding (18–22). On this basis, 
we have proposed that RNA transcripts 
are not merely targets of miRNAs, but 
also can communicate using miRNAs as 
letters of a new RNA code, expanding the 
functional role of all RNA transcripts (2). 
Recently, we have extended this ceRNA 
logic to both protein-coding and ncRNA 
transcripts. We have likewise demon-
strated the existence of a broader PTEN 
ceRNA network (ceRNET) deregulated in 
cancer (18, 19). The cross-talking ce RNAs 
as well as ceRNETs represent a novel level 
of complexity in biology that is governed 
by relative abundance and localization 
of all players (long RNA transcripts 
and small RNA transcripts). Hence, it 
is plausible that overexpression and/or 
subcellular delocalization of snoRNAs 
may represent an unexpected mecha-
nism by which oncogenic events, in this 
case a genetic translocation, can perturb 
functional interactions among snoRNA-
ceRNA species and ceRNETs, thereby 
resulting in the acquisition of oncogenic 
properties (Figure 1). Future studies 
will disentangle the complexity of these 
networks in cancer and physiological 
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conditions. Importantly, the therapeu-
tic modulation of these aberrant cancer 
RNA networks through the use of small 
ncRNAs species (e.g., LNA molecules;  
ref. 23) will represent an exciting thera-
peutic venue in the years to come.
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Figure 1
snoRNAs are often localized in introns of RP genes. snoRNAs are generally involved in rRNA modifications (methylation and pseudouridylation), 
but orphan snoRNAs are encoded in genes not enriched in specific functional categories. ACA11 orphan snoRNA is encoded within intron 
18–19 of the WHSC1 gene and is overexpressed in t(4;14)-positive patients with MM. ACA11 modulates the growth of MM cells, resistance to 
chemotherapy, and oxidative stress. Other orphan snoRNAs (U32A, U33, U35A) localize in the cytoplasm and regulate metabolic and oxidative 
stress. Interestingly, some snoRNA host genes are lncRNAs and act as decoy RNAs for GRs. Orphan snoRNAs can be involved in splicing or 
can be processed into smaller snoRNAs (psnoRNAs) and miRNAs. psnoRNAs modulate alternative splicing, whereas snoRNAs with miRNA-like 
function downmodulate specific mRNAs at the posttranscriptional level. snoRNAs with miRNA-like function can increase the number of miRNAs 
able to silence genes containing that specific miRNA binding site. In parallel, overexpression of snoRNAs and snoRNAs host genes with miRNA 
responsive elements can oppose miRNA-dependent silencing by increasing the amount of target RNAs. Thus, orphan snoRNAs and their host 
genes can act as novel players in the network of ceRNAs in the cell. Delocalization, overexpression, deletions, or point mutations of specific 
snoRNAs can profoundly deregulate cellular homeostasis and result in transformation via various mechanisms, including cellular stress and 
posttranscriptional gene silencing. The mechanism by which ACA11 and U32A, U33, and U35A influence metabolic and oxidative stress is still 
unknown. snoRNP, small nucleolar ribonucleoprotein; SF3B1/2, RNA splicing factors.
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Kai McKinstry, systematically transferred 
memory CD4+ T cells into mice deficient 
in specific lymphocyte populations and ele-
gantly dissected the mechanisms by which 
memory CD4+ T cells protect against IAV 
infection in mice (6). They report three new 
findings (Figure 1). First, the innate anti-
viral functions of memory CD4+ T cells 
are IFN-γ dependent and independent of 
the pathogen recognition receptor (PRR) 
pathway (Figure 1A). Second, memory 
CD4+ T cells enhance B cell responses inde-
pendently of TFH cells and germinal cen-
ter formation (Figure 1B). Third, in addi-
tion to mediating effector functions via a 
perforin-dependent pathway (Figure 1C), 
memory CD4+ T cells use the same path-
way to drive selection of escape mutants for 
a process that was known to occur in CD8+ 
T cells (Figure 1D). These new findings are 
discussed below.

Efficient control and clearance of viral 
infections requires coordinated interac-
tions of several components of the immune 
system. Over the past 10 years, Susan Swain 
and colleagues have elucidated several 
functions of memory CD4+ T cells during 
influenza A virus (IAV) infection. They 
demonstrated the role of memory CD4+ 
T cells in innate immune responses (1, 2), 
in the enhancement of B cell responses by 
follicular helper T (TFH) cells via Signaling 
Lymphocyte Activation Molecule (SLAM)-
associated protein (SAP) expression (3), 
and in direct antiviral effects via a perfo-
rin–mediated cytotoxic mechanism (4, 5). 
In this issue of JCI, the Swain group, led by 
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In influenza virus infection, antibodies, memory CD8+ T cells, and CD4+ 
T cells have all been shown to mediate immune protection, but how 
they operate and interact with one another to mediate efficient immune 
responses against virus infection is not well understood. In this issue of 
the JCI, McKinstry et al. have identified unique functions of memory CD4+  
T cells beyond providing “help” for B cell and CD8+ T cell responses during 
influenza virus infection.
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Toward a better understanding of 
memory CD4+ T cell immunity to 
influenza virus
During primary inf luenza infection, 
CD4+ T cells provide help in promoting 
antibody production by B cells and are 
required for the generation of cytotoxic 
and memory CD8+ T cells (7). After the 
infection is resolved, the majority of effec-
tor CD4+ T cells undergo apoptosis, leav-
ing behind a small population of memory 
CD4+ T cells, which respond more rapidly 
and effectively during reinfection. Several 
studies have suggested additional roles of 
memory CD4+ T cells during influenza 
reinfection, including enhancement of 
innate immune responses (1) as well as 
non-helper antiviral functions (8).

In the current study, McKinstry et al. 
demonstrate the role of memory CD4+ 
T cells in immune protection from IAV 
infection. Memory CD4+ T cells protect 
mice that lack T or B cells, though CD8+ 
T cells are needed between days 6 and 
10 after infection for viral clearance in  
B cell–deficient mice (6, 9). McKinstry et 
al. demonstrated that the protection con-
ferred by memory CD4+ T cells in mice 
that lack both T and B cells is incomplete; 


