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Abstract  
 

Antagonistic interactions between microRNAs 
underlie robust tumor suppressor responses. 

 
by 

Erich Yanson Sabio 
 

Doctor of Philosophy in Molecular and Cell Biology 
University of California, Berkeley 

Professor Lin He, Chair 
 

The oncogenic mir-17-92 cluster encodes six coordinately expressed miRNAs 
with a unique capacity for gene regulation.  In this dissertation, we have extended our 
studies of the mir-17-92 cluster in order to explore two fundamental concepts: functional 
consequences of aberrant miRNA expression, and distinct regulation within a miRNA 
polycistron.  In the Eµ-myc Burkitt’s lymphoma model, mir-17-92 exhibits potent 
oncogenic activity by repressing c-Myc-induced apoptosis, primarily through its miR-19 
components. Here we report that, surprisingly, mir-17-92 also encodes the miR-92 
component that negatively regulates its oncogenic cooperation with c-Myc.  The effect 
of miR-92 is mediated, in part, through direct repression of Fbw7 which normally 
promotes the proteosomal degradation of c-Myc. Thus, overexpressing miR-92 leads to 
c-Myc-induced proliferation strongly coupled to p53-dependent apoptosis. Ultimately, 
we reveal an antagonistic interaction between miR-19 and miR-92 that is disrupted in B-
lymphoma cells, which favor a greater increase for miR-19 than miR-92.  Furthermore, 
we have identified an RBP, Hnrnpu, as a factor that is bound to miR-19b, 
transcriptionally regulated by Myc, overexpressed in Burkitt’s Lymphoma, required for 
maintining miR-19b abundance, and therefore a plausible candidates for trans-acting 
factors that alter the ratio of miR-19:miR-92.  These studies add to our understanding of 
how individual miRNAs within a single cluster may act as antagonists, as well as how 
these antagonistic interactions are regulated. 
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“Trial by combat of wits in disputations  
has no attraction for the seeker after truth;  

to him, the appeal to experiment is the last and only test  
of the merit of an opinion, conjecture, or hypotheses.” 

 
Joseph Mellor 
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Introduction 

Several decades of cancer research shape the principles that enable our 
understanding of this complex disease.  For example, cancer cells have a well-
established propensity to exploit normal cellular programs that regulate proliferation, 
response to growth factors, immortalization, angiogenesis, invasive capacity, energy 
metabolism, and immune evasion (Hanahan and Weinberg, 2011).  Previous studies 
have identified many protein-coding oncogenes and tumor suppressors that restrict a 
cell’s ability to critically alter these processes, thus establishing a robust blockade 
against malignant transformation.  Recently, non-protein-coding RNAs known as 
microRNAs (miRNAs) have been implicated as novel mediators of tumorigenesis (Calin 
and Croce, 2006; Esquela-Kerscher and Slack, 2006).  Originally, miRNAs were 
uncovered as mediators of developmental timing in C. elegans which initiated a series 
of studies that characterize miRNA biogenesis and function (Filipowicz et al., 2008; Kim, 
2005; Lee et al., 1993). 
 

miRNA biogenesis 

The miRNA machinery comprises many components that regulate miRNA 
transcription, processing, localization, association, and function (Kim, 2005; Slezak-
Prochazka et al., 2010).  Interestingly, most miRNAs are genetically linked and 
coordinately expressed with adjacent miRNAs (Baskerville and Bartel, 2005), which 
suggests that most miRNAs might be transcribed as polycistrons.  First, RNA 
polymerase II transcribes a miRNA either alone as a monocistron, or clustered with 
nearby miRNAs as a continuous polycistron (Lee et al., 2002, 2004).  Thus, the primary 
miRNA (pri-miRNA) transcript can contain one or multiple dsRNA hairpins.  Each hairpin 
is excised by the microprocessor complex which is composed of the RNAse III enzyme 
Drosha and the dsRNA-binding protein DGCR8 (Han et al., 2004; Lee et al., 2003).  The 
liberated ~70 bp pre-miRNA associates with the nucleo/cytoplasmic transporter 
Exportin-5 (Bohnsack, 2004; Lund et al., 2004; Yi et al., 2003) in order to be exported to 
the cytoplasm where it is cleaved by the RNAse III enzyme Dicer to generate a 
miRNA/miRNA* duplex (Grishok et al., 2001; Hutvágner et al., 2001).  One of the ~22 
bp strands of the duplex, dubbed the mature miRNA, stably incorporates into the RNA-
induced silencing complex (RISC) through which it inhibits translation or stability of 
target mRNAs through imperfect complimentary base paring to sites in 3’ UTRs of target 
genes (Eulalio et al., 2008; Filipowicz et al., 2008).  Surprisingly, more than one-third of 
human genes appear to be conserved miRNA targets (Lewis et al., 2005), which is 
consistent with the ability of miRNAs to regulate a multitude of biological processes, 
from development to tumorigenesis. 
 

Cancer-associated defects in miRNA biogenesis 

Human cancers exhibit a striking association with defects in the miRNA 
biogenesis machinery.  For example, many tumors display a global downregulation of 
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miRNAs which has been attributed to defects in the Drosha-processing step (Lu et al., 
2005; Thomson et al., 2006).  Furthermore, reduced expression of Dicer is correlated 
with poorly differentiated tumors and low postoperative survival in lung cancer (Karube 
et al., 2005).  Similarly, Argonaute genes AGO3, AGO1, and AGO4 are clustered in the 
1p34-35 locus, a region that is frequently deleted in Wilms’ tumors, neuroblastoma, and 
a variety of carcinomas (Koesters et al., 1999).  These observations indicate that 
repressing miRNA maturation might accelerate tumorigenesis.  Indeed, later studies 
confirmed that deficiencies in components of the miRNA machinery enhance the 
kinetics and invasive capacity of tumors in mouse models of lung cancer and 
retinoblastoma (Kumar et al., 2007; Lambertz et al., 2010).  Together, these findings 
provide evidence that miRNAs themselves are intimately linked to tumorigenesis. 
 

The oncogenic mir-17-92 cluster 

As a paradigm for incorporating miRNAs into the milieu of protein-coding 
oncogenes and tumor suppressors, functional studies demonstrate that the miRNA 
polycistron known as mir-17-92 cooperates with the infamous c-Myc oncogene to 
accelerate lymphomagenesis in a mouse model of Burkitt’s Lymphoma (He et al., 
2005).  Human B-cell lymphomas frequently acquire translocations that fuse an 
immunoglobulin (Ig) locus to an oncogene such as c-Myc (Küppers and Dalla-Favera, 
2001).  Interestingly, c-Myc rearrangements are associated with genomic amplifications 
of the mir-17-92 cluster in Burkitt’s lymphoma and diffuse large B-cell lymphoma 
(Tagawa et al., 2007), which suggests that these two lesions function cooperatively. 

In the transgenic Eµ-myc mouse model, the immunoglobulin heavy-chain 
enhancer µ (mu) aberrantly drives expression of c-Myc within the B-cell compartment 
resulting in pre-B or B-cell lymphoma with a penetrance of ~40% and a latency of ~4-6 
months (Harris et al., 1988).  Similarly, mice reconstituted with hematopoietic stem and 
progenitor cells (HSPCs) from transgenic Eµ-myc/+ fetal liver also develop lymphoma 
after several months with incomplete penetrance (Schmitt et al., 2002).  In this model, 
enforced expression of a truncated mir-17-19b cluster accelerates c-Myc-induced 
lymphomagenesis (He et al., 2005).  Functional dissection of the cluster reveals that 
miR-19 is a key oncogenic component in the cluster, both necessary and sufficient to 
promote c-Myc-induced lymphomagenesis, in part by inhibiting the tumor suppressor 
Pten, activating PI3K/Akt/mTOR signaling, and reducing c-Myc-induced apoptosis 
(Olive et al., 2009).  Previous studies that have identified protein-coding genes that 
regulate PI3K signaling or apoptosis have paved the way toward promising anticancer 
strategies (Hennessy et al., 2005; Markman et al., 2010).  Thus, characterizing the role 
of these miRNAs in tumorigenesis may prove to be both critical for our comprehensive 
understanding of cancer, as well as key to identifying viable therapeutic strategies.  
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Chapter 1 
 

A component of the mir-17-92 polycistronic oncomir 
promotes oncogene-dependent apoptosis 

 
Virginie Olive*, Erich Sabio*, Margaux Bennett, Caitlin De Jong, Anne Biton, James 
Walker, Samantha K. Greaney, Nicole M. Sodir, Alicia Y. Zhou, Asha Balakrishnan, 
Mona Foth, Micah Luftig, Andrei Goga, Terry P. Speed, Zhenyu Xuan, Gerard Evan, 
Ying Wan, Alex C Minella, and Lin He 
 

eLife. 2013 Oct 15; 2:e00822.  
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Summary 

mir-17-92, a potent polycistronic oncomir, encodes six mature miRNAs with 
complex modes of interactions. In the Eµ-myc Burkitt’s lymphoma model, mir-17-92 
exhibits potent oncogenic activity by repressing c-Myc-induced apoptosis, primarily 
through its miR-19 components. Surprisingly, mir-17-92 also encodes the miR-92 
component that negatively regulates its oncogenic cooperation with c-Myc.  This miR-92 
effect is, at least in part, mediated by its direct repression of Fbw7, which promotes the 
proteosomal degradation of c-Myc. Thus, overexpressing miR-92 leads to aberrant c-
Myc dosage, imposing a strong coupling between excessive proliferation and p53-
dependent apoptosis. Interestingly, miR-92 antagonizes the oncogenic miR-19 miRNAs; 
and such functional interaction coordinates proliferation and apoptosis during c-Myc-
induced oncogenesis. This miR-19:miR-92 antagonism is disrupted in B-lymphoma 
cells, which favor a greater increase for miR-19 than miR-92.  Altogether, we suggest a 
new paradigm whereby the unique gene structure of a polycistronic oncomir confers an 
intricate balance between the oncogene and tumor suppressor crosstalk.  
 

Introduction 

MicroRNAs (miRNAs) are a class of small, non-coding RNAs that regulate post-
transcriptional gene repression in a variety of developmental and pathological 
processes (Ambros, 2004; Bartel, 2009; Kim et al., 2009; Zamore and Haley, 2005). 
Due to their small size and the imperfect nature of target recognition, miRNAs have the 
capacity to regulate many target mRNAs through translational repression and mRNA 
degradation, thereby acting as global regulators of gene expression (Filipowicz et al., 
2008; Lewis et al., 2005). Unlike mammalian protein-coding genes, which follow the 
one-transcript, one-protein paradigm, many miRNA genes are expressed as 
polycistronic primary transcripts, generating multiple mature miRNAs under the same 
transcriptional regulation (Megraw et al., 2007). miRNA polycistrons further expand the 
gene regulatory capacity, since different miRNA components can confer specific yet 
overlapping biological effects, and their functional interactions can yield unusual 
complexity.  

Polycistronic miRNAs often exhibit pleiotropic biological functions with unique 
gene regulatory mechanisms (Megraw et al., 2007). One of the best example is mir-17-
92, a potent oncomir (i.e. miRNA oncogene), whose genomic amplification and aberrant 
overexpression have been observed in many human tumors including Burkitt’s 
lymphoma, diffuse large B-cell lymphoma (DLBCL), and lung cancer (Lu et al., 2005; 
Mendell, 2008). mir-17-92 regulates multiple cellular processes during tumor 
development, including proliferation, survival, angiogenesis, differentiation, and 
metastasis (Conkrite et al., 2011; He et al., 2007; Nittner et al., 2012; Uziel et al., 2009). 
As a polycistronic oncomir, mir-17-92 produces a single precursor that yields six 
individual mature miRNAs (Figure 1A, Figure1–figure supplement 1A) (Tanzer and 
Stadler, 2004). Based on the seed sequence homology, the six mir-17-92 components 
are categorized into four miRNA families (Figure 1A, Figure1–figure supplement 1A): 
miR-17 (miR-17 and 20), miR-18, miR-19 (miR-19a and 19b), and miR-92a (we will 
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designate miR-92a as miR-92 in the remainder of our paper). Interestingly, miR-92 has 
a more ancient evolutionary history compared to the other mir-17-92 components 
(Tanzer and Stadler, 2004). miR-92 is evolutionarily conserved in vertebrates, 
chordates and invertebrates, while the remaining mir-17-92 components are only found 
in vertebrates (Figure 1–figure supplement 1B, 1C). Conceivably, the distinct mature 
miRNA sequence of each mir-17-92 component determines the specificity of the target 
regulation. However, the functional significance of the mir-17-92 polycistronic gene 
structure remains largely unknown.  

The structural analogy to prokaryotic operons has led to the speculation that the 
co-transcribed mir-17-92 components can collectively contribute to oncogenesis. 
However, our studies reveal an unexpected functional interaction among mir-17-92 
components. In the Eµ-myc mouse B-cell lymphoma model, while the intact mir-17-92 
acts as a potent oncogene, its miR-92 component negatively regulates the oncogenic 
cooperation with c-Myc. This effect, at least in part, results from the ability of miR-92 to 
yield aberrant c-Myc dosage, which promotes a strong coupling between oncogene 
stress and p53-dependent apoptosis. Surprisingly, miR-92 functionally antagonizes 
miR-19, the key oncogenic mir-17-92 component in the context of c-Myc-induced 
oncogenesis. During B-cell transformation, this miR-19:miR-92 antagonism is disrupted 
to favor a greater increase of miR-19 than miR-92. Thus, the polycistronic mir-17-92 
employs an antagonistic interaction among its encoded miRNA components to confer 
an intricate crosstalk between the oncogene and tumor suppressor networks. 
 

Results 

Since mir-17-92 is overexpressed in human Burkitt’s lymphomas (Tagawa et al., 
2007), we set out to functionally dissect mir-17-92 components in the Eµ-myc model of 
Burkitt’s lymphoma (Figure 1B). The Eµ-myc mice carry a c-myc transgene downstream 
of the immunoglobulin (Ig) heavy chain enhancer Eµ(Adams et al., 1985; Langdon et al., 
1986), which functionally resemble the Ig-MYC translocations that occurred frequently in 
Burkitt’s lymphomas (Tagawa et al., 2007).  The resulting B-cell specific, aberrant c-Myc 
activation promotes excessive proliferation, yet also evokes potent, p53-dependent 
apoptosis (Hemann et al., 2003; Schmitt et al., 2002). Thus, c-Myc-induced apoptosis 
enables a self-defense mechanism against malignant transformation, producing B-
lymphomas with a late onset (Lowe et al., 2004). In our adoptive transfer model (Olive 
et al., 2009), Eµ-myc/+ hematopoietic stem and progenitor cells (HSPCs) were 
transplanted into lethally irradiated recipient mice, generating chimeric mice that 
faithfully recapitulated the late tumor onset of the Eµ-myc transgenic mice (Figure 1B).  

When Eµ-myc/+ HSPCs were infected with MSCV (murine stem cell virus) 
retrovirus to overexpress the intact mir-17-92 oncomir, we observed a considerable 
acceleration in tumor onset compared to the Eµ-myc/MSCV control mice (p <0.01, 
Figure 1C). Unexpectedly, the oncogenic cooperation between c-Myc and mir-17-92 
was significantly stronger when miR-92 was deleted within this oncomir (Figure 1C). 
The average survival of Eµ-myc/17-92Δ92 mice was 66 days, significantly shorter than 
that of Eµ-myc/17-92 mice (112 days, p < 0.0001). mir-17-92Δ92 carried a deletion of 
miR-92 pre-miRNA and its flanking sequences; which might alter the expression of the 
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remaining mir-17-92 components (Figure 1D, Figure 1–figure supplement 1D). We then 
engineered a 12-nucleotide miR-92 seed mutation within mir-17-92 to abolish the 
functional miR-92 with minimal disruption to the overall gene structure. The resulting 
mir-17-92Mut92 phenocopied mir-17-92Δ92 in vivo (Figure 1C), significantly enhancing 
oncogenic cooperation with c-Myc without altering the level of any remaining mir-17-92 
components (Figure 1D, Figure 1–figure supplement 1D). This unexpected effect was 
specifically attributable to miR-92. Mutations of miR-20 or miR-17 failed to affect 
oncogenesis in the Eµ-myc model (Figure 1C, Figure 1–figure supplement 1D and data 
not shown), and mutations of miR-19 nearly abolished this oncogenic cooperation(Olive 
et al., 2009). This finding suggests that, although mir-17-92 acted as a potent oncogene 
as a whole, its miR-92 component confers an internal negative regulation on its 
oncogenic cooperation with c-Myc.  This effect of miR-92 clearly contrasts with that of 
miR-19, a key oncogenic mir-17-92 component that promotes c-Myc-induced 
lymphomagenesis by repressing apoptosis (Mavrakis et al., 2010; Mu et al., 2009; Olive 
et al., 2009).  

In the Eµ-myc model, a strong oncogenic lesion often leads to the B-cell 
transformation at an earlier developmental stage(Hemann et al., 2003).  The greater 
oncogenic activity of mir-17-92Mut92 in comparison with mir-17-92 was consistent with 
mir-17-92Mut92 preferentially transforming IgM negative progenitor B-cells, and mir-17-
92 frequently transforming IgM positive B-cells (Figure 2A and Figure2–Table 
supplement 1). In comparison to Eµ-myc/17-92 mice, both Eµ-myc/17-92Δ92 and Eµ-
myc/17-92Mut92 mice developed more aggressive B-lymphomas, characterized by 
massive lymph node enlargement, splenic hyperplasia, leukemia, and widespread 
dissemination into visceral organs outside of the lymphoid compartment (Figure 2B, 
data not shown).  

During Myc-induced tumorigenesis, aberrant c-Myc dosage yields the 
simultaneous induction of proliferation and apoptosis, imposing a unique selective 
pressure for pro-survival lesions (Evan and Vousden, 2001).  Thus, we compared the 
extent of Myc-induced apoptosis in the Eµ-myc/17-92, Eµ-myc/17-92Δ92, Eµ-myc/17-
92Mut92, and control Eµ-myc/MSCV lymphomas. The control Eµ-myc/MSCV 
lymphomas invariably exhibited a high proliferation index accompanied by extensive cell 
death, as evidenced by the widespread “starry sky” pathology (Figure 2C, 2D) and 
cleaved caspase 3 staining (Figure 2C,, 2E). The potent oncogenic activity of mir-17-
92Δ92 and mir-17-92Mut92 were consistent with the strong reduction of apoptosis in the 
lymph node tumors. In comparison, the intact miR-92 significantly attenuated the 
repression of c-Myc-induced apoptosis by mir-17-92 in vivo (Figure 2C, 2D, 2E).  

We next investigated the effect of miR-92 alone in regulating c-Myc-induced 
apoptosis. In the Eµ-myc model, miR-92 overexpression significantly enhanced c-Myc-
induced apoptosis in vivo (Figure 3A, 3B, Figure 3–figure supplement 1A), consistent 
with a rapid depletion of miR-92-infected cells in premalignant Eµ-myc B-cells (Figure 
3–figure supplement 1B). Similar miR-92 effects on c-Myc-induced apoptosis were 
observed in vitro. The R26MER/MER mouse embryonic fibroblasts (MEFs) carry a 
switchable variant of Myc, MycERT2, downstream of the constitutive Rosa26 promoter, 
which allows acute activation of the MycER transgene by 4-OHT (4-Hydroxytamoxifen) 
induced nuclear translocation (Murphy et al., 2008). The R26MER/MER MEFs recapitulate 
c-Myc-induced apoptosis in vitro, as activated MycERT2 induces p53-dependent 
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apoptosis in response to serum starvation (Murphy et al., 2008). Enforced miR-92 
expression in R26MER/MER MEFs invariably enhanced Myc-induced apoptosis (Figure 3C, 
Figure3–figure supplement 1C).  

In addition to promoting c-Myc-induced apoptosis, miR-92 unexpectedly 
enhanced c-Myc-induced cell proliferation. A significant increase of BrdU incorporation 
was observed in R26MER/MER MEFs overexpressing miR-92, both under normal culture 
conditions, and, more evidently, under serum starvation (Figure 3D). The same 
proliferative effect of miR-92 also was observed in primary B-cells. Comparison of the 
proliferative effect of each mir-17-92 component in bone marrow derived primary B-cells 
revealed that the miR-92 component yielded one of the strongest effects (Figure 3E, 
3F). In addition, miR-92 deficiency significantly compromised the ability of mir-17-92 to 
promote cell cycle progression in B-cells (Figure3–figure supplement 1D). Strong 
proliferative effects have been reported for nearly all mir-17-92 components, yet the 
exact cell type and biological context can select specific components as the 
predominant drivers for cell proliferation. Taken together, our data suggest that miR-92 
is a unique mir-17-92 component that functionally couples c-Myc-induced cell 
proliferation and c-Myc-induced apoptosis in the B-cell compartment.   

To investigate the molecular mechanism underlying miR-92 functions, we 
performed microarray analyses comparing gene expression profiles of R26MER/MER 
MEFs overexpressing miR-92 or the control MSCV vector. These MEFs were serum 
starved and 4-OHT treated to trigger strong Myc-induced apoptosis.  miR-92-
upregulated genes were significantly enriched for the cell cycle pathway, including 
ccnd1, ccnb1, ccnb2, cdc25b, cdc25c and cdk4 (Figure 4A, 4B), consistent with the 
ability of miR-92 to promote Myc-induced cell proliferation. Genes upregulated by miR-
92 also were enriched for the p53 pathway, including the classic p53 target mdm2, as 
well as the pro-apoptotic p53 targets – noxa, bax, puma, perp, and bid (Figure 4A, 4B, 
Figure4–figure supplement 1A). Since aberrant c-Myc activation triggered a p53-
dependent apoptotic response(Lowe et al., 2004), our observation is consistent with 
miR-92 further enhancing p53 activation downstream of c-Myc. Interestingly, p21, a 
canonical p53 target, was not induced by miR-92 in the MycERT2 activated R26MER/MER 
MEFs (Figure4–figure supplement 1A). It is likely that the transcriptional repression of 
p21 by c-Myc renders p21 irresponsive to p53 activation under this biological context 
(Seonane et al., 2002). Using real-time PCR, we validated the ability of miR-92 to 
induce cell cycle genes and activate p53 targets in both R26MER/MER MEFs, as well as 
primary B-cells (Figure 4C, Figure4–figure supplement 1A, 1B). Hence, the molecular 
signature imposed by miR-92 overexpression is consistent with its functional readout.  

The activation of the p53 pathway by c-Myc is essential for the induction of the 
apoptotic response in the Eµ-myc model (Schmitt et al., 2002). A major mechanism that 
governs Myc-induced p53 activation is the transcriptional induction of the gene 
encoding Arf, which inhibits Mdm2-mediated p53 ubiquitination and degradation 
(Campaner and Amati, 2012; Lowe et al., 2004). The ability of miR-92 to enhance c-
Myc-induced apoptosis and to increase the expression of p53 targets raised the 
possibility that miR-92 overexpression activates p53 possibly through elevated Arf. In 
both R26MER/MER MEFs and wild-type primary B-cells, miR-92 overexpression alone 
caused significant accumulation of Arf mRNA and protein (Figure 4C, 4D, Figure4–
figure supplement 1C), consistent with the rapid stabilization of the p53 protein (Figure 
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4D, Figure4–figure supplement 1C) without alteration of p53 mRNA (Figure4–figure 
supplement 1D). Notably, the ability of miR-92 to induce p53 activation occurred not 
only in 4-OHT treated R26MER/MER MEFs with MycERT2 activation, but also in untreated 
R26MER/MER MEFs with normal c-Myc level. This was clearly demonstrated by the 
elevation of p53 protein level, as well as the increased p53 target expression (Figure4–
figure supplement 1B, 1C).  

The induction of p53 by miR-92 prompted us to investigate the functional 
importance of p53 in miR-92 induced apoptotic response. Knockdown of p53 in 
R26MER/MER MEFs not only led to a suppression of c-Myc-induced apoptosis, but also 
completely abolished the effect of miR-92 to enhance c-Myc-induced apoptosis (Figure 
4E). These findings suggested that an intact p53 pathway is required for the apoptotic 
effect of miR-92. Consistently, the miR-92 induction of the pro-apoptotic genes, 
including noxa, perp and mdm2, also was mediated by the intact p53 (Figure 4F). Thus, 
aberrant c-Myc activation triggers an apoptotic response through p53 activation; and co-
expression of miR-92 with c-Myc leads to an even stronger p53 activation and 
subsequently apoptotic response.  

Our findings suggest parallels between c-myc and miR-92:  both are potent 
oncogenes that promote excessive cell proliferation coupled with p53-dependent 
apoptosis, and both are capable to induce expression of cell cycle genes (ccnb1, ccnd1, 
cdk4, and cdc25) (Campaner and Amati, 2012; Lowe et al., 2004)and p53 pathway 
components (Arf, puma, noxa, perp and mdm2) (Campaner and Amati, 2012; Lowe et 
al., 2004). The functional analogy between c-Myc and miR-92, as well as the molecular 
overlap between their downstream pathways, led us to investigate the effect of miR-92 
on c-Myc. Intriguingly, miR-92 expression significantly enhanced c-Myc protein level 
both in MEFs and in primary B-cells (Figure 5A), without affecting the c-myc mRNA 
level (Figure 5–figure supplement 1A, data not shown). Consistent with the stabilization 
of endogenous c-Myc, miR-92 overexpression in R26MER/MER MEFs stabilized the 
MycERT2 protein (Figure 5B). The dosage of c-Myc protein is crucial for its biological 
readout(Murphy et al., 2008). While c-Myc dosage determines the extent of cell cycle 
gene induction and cell proliferation, it also regulates the degree of p53 activation and 
subsequent apoptosis (Murphy et al., 2008) (Figure 5–figure supplement 1B). Thus, the 
ability of miR-92 to induce aberrant c-Myc accumulation likely constitutes the molecular 
basis for its ability to promote both cell proliferation and p53-dependent apoptosis.  

Based on our findings, we speculated that miR-92 targets could include negative 
regulators of c-Myc protein accumulation. Therefore, we searched genes known to 
negatively regulate c-myc for the presence of putative miR-92 binding sites. Using the 
Targetscan and RNA22 algorithms (Bartel, 2009; Lewis et al., 2005; Miranda et al., 
2006), we identified 8 candidate miR-92 targets, each of which contained one or more 
predicted miR-92 binding sites in the 3’ untranslated region (3’UTR). Real-time PCR 
analysis of these candidate genes confirmed fbw7 (F-box and WD repeat domain-
containing 7) as a likely target of miR-92 (Figure 5C, Figure 5–figure supplement 1C). 
fbw7, which contains two miR-92 target sites within its 3’UTR (Figure 5C), is the 
substrate recognition component of an SCF-type E3 ubiquitin ligase that mediates the 
degradation of several proto-oncoproteins, including Myc, Cyclin E, c-Jun and 
Notch(Crusio et al., 2010; Wang et al., 2012; Welcker and Clurman, 2008). A luciferase 
reporter or a FLAG-tagged fbw7-encoding ORF (open reading frame), when fused to 
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the wildtype fbw7 3’ UTR, were both significantly repressed in a miR-92 dependent 
manner (Figure 5D, Figure 5–figure supplement 1D). However, enforced miR-92 
expression failed to repress the luciferase reporter that contained an fbw7 3’UTR with 
two mutated miR-92 binding sites (Figure 5D), suggesting that miR-92 binding to fbw7 
3’UTR is required for this repression. Furthermore, miR-92 effectively repressed 
endogenous Fbw7 protein level, as demonstrated by the decreased fbw7 mRNA level 
and Fbw7 immunoprecipitation (Figure 5E). Repression of fbw7 by miR-92 constitutes a 
major mechanism to promote the increase of c-Myc dosage. This mechanism was best 
demonstrated in an experiment where the overexpression of miR-92 increased the c-
MYC protein level in wildtype Hct116 cells, but not in FBW7-/- Hct116 cells (Figure 5–
figure supplement 1E). Finally, consistent with fbw7 as an important target for miR-92, 
enforced miR-92 expression, in addition to c-Myc, also upregulated other Fbw7 
substrates, such as Cyclin E (Figure 5F) 

fbw7 has previously been postulated as a potential miR-92 target based on the 
presence of miR-92 target sites(Mavrakis et al., 2011a), yet it remains unclear how fbw7 
mediated the pro-apoptotic effects of miR-92, given its well-characterized functions as a 
tumor suppressor. However, recent findings indicate that the acute inactivation of tumor 
suppressor Fbw7 imposes a strong oncogenic stress to induce p53-depenent apoptosis, 
conferring a selective advantage to cells with deficient p53 function (Grim et al., 2012; 
Matsuoka et al., 2008; Minella et al., 2007; Onoyama et al., 2007). This p53-depenent 
apoptosis is due, at least in part, to an aberrant increase of c-Myc dosage(Matsuoka et 
al., 2008; Onoyama et al., 2007). Consistent with these findings, acute fbw7 knockdown 
by RNAi in R26MER/MER MEFs significantly enhanced c-Myc-induced apoptosis, 
presumably due to an increased level of c-Myc protein (Figure 5G, Figure 5–figure 
supplement 1F). It is worth noting that our shRNA against fbw7 largely recapitulated the 
extent of c-Myc upregulation by miR-92 (Figure 5–figure supplement 1F), yet only 
partially phenocopied the pro-apoptotic effects of miR-92 (Figure 5G). These findings 
suggested the possibility that miR-92 engages additional mechanisms to promote c-
Myc-induced apoptosis. Nevertheless, the miR-92-Fbw7-Myc axis constituted the major 
mechanism for the pro-apoptotic effects of miR-92, since the expression of an fbw7α 
open reading frame (ORF) abolished the effect of miR-92 to enhance c-Myc-induced 
apoptotic response (Figure 5H). Consistently, we also observed an inverse correlation 
between the level of miR-92 miRNA and fbw7 mRNA when comparing Eµ-myc/17-
92Δ92 and Eµ-myc /17-92 lymphoma cells, which supported the significance of the 
interplay between miR-92 and Fbw7 (Figure 5–figure supplement 1G).  

In the context of the c-Myc cooperation, mir-17-92 encodes miRNA components 
with opposing biological functions. While miR-19 miRNAs repress c-Myc-induced 
apoptosis to promote Eµ-myc lymphomagenesis (Mu et al., 2009; Olive et al., 2009), 
miR-92 enhances c-Myc-induced apoptosis to attenuate the tumorigenic effects. 
Consistent with functional antagonism between miR-19 and miR-92, co-expression of 
these two miRNAs as a dicistron attenuated the apoptotic effect of miR-92 in 
premalignant Eµ-myc B-cells in vivo (Figure 6A, 6B, Figure6–figure supplement 1A). A 
similar antagonistic interaction was also observed in R26MER/MER MEFs; and introducing 
a miR-19b mutation within mir-19b-92 dicistron abolished this interaction (Figure 6C). 
Since miR-19 represses pten to promote the PI3K/AKT pathway, the activation of AKT 
signaling would lead to increased phosphorylation of Mdm2, thus destabilizing p53 to 
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dampen the apoptotic response induced by miR-92 (Gottlieb et al., 2002; Ogawara et 
al., 2002). Consistent with this hypothesis, we observed a decreased p53 induction and 
an unaltered c-Myc level when miR-92 was co-expressed with miR-19 (Figure 6D, 
Figure6–figure supplement 1B). 

This miR-19:miR-92 antagonism appears to be conserved evolutionarily. In 
Xenopus laevis, miR-19 and miR-92 have identical sequence to their mammalian 
orthologs (Figure 1–figure supplement 1B). Based on Targetscan and RNA22 miRNA 
target prediction algorisms (Grimson et al., 2007; Lewis et al., 2003, 2005; Miranda et 
al., 2006), their target specificity is also conserved for key miRNA targets, although the 
exact binding sites may or may not be conserved (Olive et al., 2009) (Figure 6–figure 
supplement 1C). In addition, the biological functions of miR-19 and miR-92 exhibit 
evolutionary conservation between Xenopus laevis and mammals. Individual injection of 
miR-19 promoted cell survival of hydroxyurea-treated Xenopus embryos, while co-
injection of miR-19a and miR-92 significantly attenuated this pro-survival effect (Figure 
6E). This functional antagonism was specific for miR-92 and miR-19, since co-injection 
of other mir-17-92 components or a mutated miR-92 did not yield any functional 
interactions in combination with miR-19 (Figure 6F).  

Given the opposing biological effects of miR-19 and miR-92 during c-Myc-
induced lymphoma development, differential regulation of these two miRNA families 
could determine the oncogenic activity of mir-17-92. Under normal physiological 
conditions, this miR-19:miR-92 antagonism could attenuate the detrimental oncogenic 
signaling by inducing apoptosis in cells with inappropriate mir-17-92 induction. During 
malignant transformation, and particularly during c-Myc-induced oncogenesis, this miR-
19:miR-92 antagonism could be disrupted to favor cell survival.  Using real time PCR 
analyses, we compared the relative abundance of miR-19a, miR-19b, and miR-92 in 
normal splenic B-cells, premalignant Eµ-myc B-cells, and Eµ-myc lymphomas (Figure 
7A). Comparing to normal splenic B-cells, levels of all three mature miRNA species 
were elevated in both premalignant and malignant Eµ-myc B-cells, possibly due to 
transcriptional activation of mir-17-92 by c-Myc(O’Donnell et al., 2005). However, the 
miR-19 to miR-92 ratios significantly increased during c-Myc induced lymphomagenesis 
(Figure 7B). In other words, when normalized to the respective miRNA levels in normal 
splenic B-cells, mature miR-19 (including miR-19a and miR-19b) exhibited a greater 
increase in premalignant and malignant Eµ-myc B-cells than mature miR-92 (Figure 7A, 
7B, 7C). This differential increase was most evident in premalignant Eµ-myc B-cells; the 
fully transformed Eµ-myc B-lymphoma cells exhibited a lesser difference (Figure 7A, 
7B). This observation is consistent with premalignant Eµ-myc B-cells having an intact 
p53-dependent apoptotic response, thus a stronger selective pressure for a greater 
miR-19:miR-92 ratio. In comparison, most Eµ-myc B-lymphomas have a defective p53 
response, hence a less strong selective pressure to maintain a high miR-19:miR-92 
ratio. We also validated this observation using northern analysis. Comparing normal 
splenic B-cells and multiple Eµ-myc lymphoma cells, the levels of the mature miR-19a, 
miR-19b and miR-92 were all elevated in transformed B-cells, however the degree of 
increase for miR-19a and miR-19b was significantly higher than that of miR-92 (Figure 
7C). This differential increase of miR-19 and miR-92 was also observed in human 
Burkitt’s lymphoma cell lines when compared to normal B-cells isolated from the 
periphery blood (Figure 7D). More importantly, this phenomenon was not limited to c-
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myc driven B-lymphomas. In the LT2-MYC murine model of hepatocellular carcinoma 
(HCC), where tumor development was initiated by Tetracycline-inducible c-Myc 
expression, miR-19a and miR-19b also exhibited a stronger increase compared to miR-
92 when comparing tumor cells and the normal counterpart (Figure 7E).  

These observations were consistent with a previous finding where the inducible 
c-myc activation in a human Burkitt’s lymphoma cell line induced both miR-19a and 
miR-19b to a greater extent than miR-92 (O’Donnell et al., 2005). Although miR-19 and 
miR-92 are co-transcribed from the mir-17-92 precursor, the differential increase of miR-
19 versus miR-92 occurs in multiple c-Myc-driven tumor types. Thus, the relative 
abundance of miR-19 and miR-92 could constitute an important molecular basis to 
regulate the initiation and progression of c-Myc-induced tumor development. 

 

Discussion 

The unique polycistronic structure of mir-17-92 constitutes the basis for its 
pleiotropic functions and the complex mode of interactions among its miRNA 
components. A high level of mir-17-92 in normal or premalignant cells could lead to 
suboptimal consequences that are counter-balanced through an intrinsic negative 
regulation (Figure 7F). The effect of miR-92 to repress Fbw7 and to enhance c-Myc 
accumulation acts as a double edged sword in c-Myc driven tumors. Overexpressing 
miR-92 gives rise to a strong and obligated coupling between excessive proliferation 
and a potent, p53-dependent apoptosis (Figure 7F). This coupling is consistent with the 
previous observation that a lower level of constitutive c-Myc expression acts more 
effectively to promote tumor initiation(Murphy et al., 2008). Therefore, mir-17-92 
encodes an internal component to confer a negative regulatory feedback on its 
oncogenic activity, imposing a strong selection for anti-apoptotic lesions to shape the 
path of malignant transformation. More interestingly, c-Myc transcriptionally activates 
mir-17-92 that encodes miR-92 46, which in turn enhances c-Myc dosage by repression 
Fbw7. It is possible that aberrant c-Myc activation triggers a positive feedback loop to 
further increase c-Myc dosage to strengthen the apoptotic response and to eliminate 
cells with oncogenic potential. It is worth noting that the miR-92 apoptotic effect we 
described here depends on an intact p53 response. Consequently, in terminal Eµ-myc 
B-lymphoma cells that often carry a defective p53 response, miR-92 failed to enhance 
c-Myc-induced apoptosis (Mu et al., 2009).  

The functional readout of miR-92 heavily depends on cell types and biological 
contexts. It is important to recognize that miR-92 is not a tumor suppressor miRNA. Like 
c-Myc, miR-92 elicits potent oncogene stress to engage tumor suppressor response, at 
least in part, by activating p53. In the premalignant Eµ-myc B-cells, the high level of c-
Myc and intact p53 response strongly sensitize the cells to miR-92 induced apoptosis. 
Under other contexts when proliferation becomes a rate-limiting event for oncogenesis, 
or when p53-dependent apoptosis is compromised, miR-92 could render a pro-
proliferative effect that is strictly oncogenic (Tsuchida et al., 2011). Likewise, the 
functional readout of other mir-17-92 components also heavily depends on cell types 
and biological contexts. miR-19 promotes c-Myc-induced B-lymphomas by repressing 
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apoptosis (Mu et al., 2009; Olive et al., 2009), yet has little effects in promoting Rb-
deficient retinoblastomas (Conkrite et al., 2011); miR-17 allows the bypass of Ras-
induced senescence by promoting proliferation (Hong et al., 2010), yet fails to affect c-
Myc-induced lymphomas, possibly due to its functional redundancy with c-Myc.  

Both cooperative and antagonistic interactions operate among subsets of mir-17-
92 components. The miR-19:miR-92 antagonism constitutes a novel mechanism to 
confer an intricate balance between oncogene signaling and innate tumor suppressor 
responses (Figure 7F). This balance can be disrupted in premalignant and malignant 
cells that exhibit c-Myc overexpression, as an increase in the miR-19:miR-92 ratio is 
likely to favor the suppression of c-Myc-induced apoptosis and to promote oncogenesis. 
Although all mir-17-92 components are co-transcriptionally regulated, different changes 
of miR-19 versus miR-92 during oncogenesis could be a result of differential miRNA 
biogenesis and/or turn-over.  It has been shown that specific RNA-binding proteins, 
such as hnRNP A1, promotes the processing of a specific mir-17-92 component, miR-
18 (Guil and Cáceres, 2007). Future studies are likely to reveal important mechanisms 
underlying cell type- and context-dependent differential regulation of mir-17-92 
components, which will generate important insights on the biology of polycistronic 
miRNAs.  

Our current study mostly focuses on the antagonistic interaction between miR-19 
and miR-92 in c-Myc driven oncogenesis, yet it reveals a more general mechanism 
underlying the structural function relationship of polycistronic miRNAs. It is likely that 
complex interactions among polycistronic miRNA components can coordinate and 
balance a multitude of cellular and molecular processes during normal development and 
disease. Interestingly, in the case of mir-17-92, miR-92 has a different evolutionary 
history compared to the other mir-17-92 components. miR-92 is evolutionary conserved 
in Deuterostome (including vertebrates and chordates), Ecdysozoa (including flies and 
worms) and Lophotrochozoa, yet the remaining mir-17-92 components are only found in 
vertebrates (Figure1–figure supplement 1C). The functional antagonism between the 
more ancient miR-92 and the newly evolved mir-19 might result from the convergence 
of these two separate evolutionary paths at the origin of vertebrates. This antagonism 
could evolve to regulate cell proliferation and cell death downstream or independent of 
c-Myc in both normal development and disease. Thus, our studies suggest a novel 
mechanism by which a crosstalk between oncogene and tumor suppressor pathways 
has been hardwired through evolution into the unique gene structure of a polycistronic 
oncomir.  
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Methods and materials 

 

Molecular cloning 

mir-17-92 Δ92 and mir-17-92 were amplified by PCR and subsequently cloned 
into the XhoI and EcoRI sites of the MSCV retrovirus vectors. In these vectors, miRNAs 
were placed downstream of the LTR promoter, which is followed either by a SV40-GFP 
cassette (for all in vivo experiments), a PGK-Puro-IRES-GFP cassette, or a SV40-CD4 
cassette (for in vitro experiments) (Hemann et al., 2005). To construct MSCV-17-
92Mut92, MSCV-17-92Mut20 and MSCV-17-92Mut19b vectors, a 12-nucleotide 
mutation was introduced into the seed region of the mature miR-92, miR-20, or miR-19b 
using the Quikchange XL mutagenesis kit (Stratagene, 200521) and the following 
primers: 
Mut20 primers: 
GACAGCTTCTGTAGCACTAAtaaacaataatcGCAGGTAGTGTTTAGTTATC and 
GATAACTAAACACTACCTGCGATTATTGTTTATTAGTGCTACAGAAGCTGTC.  
Mut92 primers: 
CAATGCTGTGTTTCTGTATGGTtaacattaacatCCGGCCTGTTGAGTTTG and 
CAAACTCAACAGGCCGGATGTTAATGTTAACCATACAGAAACACAGCATTG.  
Mut19b primers: 
CTGTGTGATATTCTGCTGacatttaagtacCAAAACTGACTGTGGTAGTG and 
CACTACCACAGTCAGTTTTGGTACTTAAATGTCAGCAGAATATCACACAG. 

The loss of miR-92, miR-20 or miR-19b expression and the intact expression 
level of the remaining mir-17-92 components were validated using the TaqMan® 
MicroRNA Assays (Applied Biosystems, 4427975). mir-19b-92, mir-19bMut92 and mir-
19b-92Mut19b were similarly amplified by PCR 
(ACTGCTCGAGAGCTTCGGCCTGTCGCCC  and GTAGAATTCATGTATCTTGTAC) 
from the mir-17-92, mir-17-92Mut92 and mir-17-92Mut19b construct described above 
and subsequently cloned into the XhoI and EcoRI sites of the MSCV retrovirus vectors.  

To construct the MSCV-Shp53 vector, shRNA against p53  was placed 
downstream of the LTR promoter of the MSCV-SV40-HuCD4 retroviral vector (Xue et 
al., 2007). MSCV-Shfbw7 construct was kindly provided by Dr. Hans Guido Wendel 
(Mavrakis et al., 2011b). To construct the pRetroX-fbw7-IRES-DsRedExpress (Xu et al., 
2010), fbw7α ORF was placed downstream of the LTR promoter followed by a IRES-
DsRed cassette.  
 

Adoptive transfer of Eμ-myc HSPCs for lymphomagenesis 

Hematopoietic stem and progenitor cells (HSPCs) were isolated from E13.5-
E15.5 Eμ-myc/+ mouse embryos, and were transduced with MSCV alone or MSCV 
vectors expressing various mir-17-92 derivatives. The MSCV retroviral vector used in 
our adoptive transfer model contains a SV40-GFP cassette, which allows us to monitor 
transduced HSPCs both in vitro and in vivo. Infected HSPCs were subsequently 
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transplanted into 8-10 week old, lethally irradiated C57BL/6 recipient mice. Tumor onset 
was subsequently monitored by weekly palpation, and tumor samples were either 
collected into formalin for histopathological studies, or prepared as single cell 
suspension for FACS analysis and for cell culture studies. Both the Eμ-myc/+ mice and 
the recipient mice are on C57BL/6 background.  
 

LT2-MYC mouse liver tumor model 

The LT2-MYC mouse model for human hepatocellular carcinoma (HCC) is a 
double transgenic mouse model, in which the tetracycline transactivator protein (tTA) is 
driven by the hepatocyte-specific promoter, the liver activator protein (LAP) promoter, 
while the human c-MYC gene is driven by the tetracycline response element (TRE). The 
LT2-MYC model exhibits “dox-off” regulation, where c-Myc expression is turned on in 
hepatocytes in the absence of doxycycline. 

LT2-MYC mice taken off of doxycycline-containing food between 3-5 weeks of 
age develop distinct tumor nodules around 8-12 weeks on average (Carvalho et al., 
2004; Kistner et al., 1996). Total RNA was extracted from liver tumor samples from 
three independent mice, as well as normal livers from the doxycycline treated LT2 mice. 
Total RNAs were prepared using Trizol (Invitrogen, 15596018), and subjected to real 
time PCR analyses as described below. 
 

Cell culture and retroviral infection 

Primary murine B-cells were prepared from bone marrows of 4-6 week old mice, 
and were cultured in RPMI with 10% fetal bovine serum (FBS), 50 uM Beta-
mercaptoethanol (Sigma, M3148) and 2 ng/ml Il-7 (R&D, 407-ML-005). R26MER/MER and 
R26MER/+ MEFs were kindly provided by Gerald Evan’s lab. MEFs were cultured in 
DMEM with 10% fetal bovine serum. Eμ-myc tumor cells were derived from lymphomas 
from the terminal-stage Eμ-myc animals. Eμ-myc lymphoma cells overexpressing 
various mir-17-92 derivatives were cultured in 45% DMEM, 45% IMDM with 10% fetal 
bovine serum, and 50 uM Beta-mercaptoethanol (Sigma, M3148) on irradiated NIH-3T3 
feeder cells. Eμ-myc; mir17-92-/- B-lymphoma cells were kindly provided by Dr. Andrea 
Ventura, and were similarly cultured. Immortalized human B-cell lines were cultured in 
RPMI with 10% FBS, and 90 uM Beta-mercaptoethanol. Dicer-deficient Hct116 cells, 
kindly provided by Dr. Bert Vogelstein (Cummins et al., 2006), and Fbxw7-deficient 
Hct116 cells (Grim et al., 2012) were cultured in McCoy’s 5A media with 10% fetal 
bovine serum. Human Burkitt’s lymphoma cell lines, including BL41, BL2, MutuI, Daudi, 
Raji (provided by T. Rabbitts), Manca, and Jiyoje were cultured in in RPMI with 10% 
FBS.  

Mouse primary B-cells cultures, or MEFs were infected by MSCV retroviruses 
expressing various mir-17-92 derived miRNA clusters,  shRNA against p53 (Xue et al., 
2007) , shRNA against fbw7 (Mavrakis et al., 2011b), or fbw7 cDNA (pRetroX-fbw7-
IRES-DsRedExpress). In figure 4E-4F, double infection was performed to obtain 
R26MER/MER MEFs that co-expressed shRNA p53 and miR-92. In this experiment, MEFs 
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were initially infected with an ecotropic MSCV-p53shRNA-SV40huCD4 retrovirus to a 
nearly 100% infection efficiency, as validated by FACS analysis using huCD4 antibody. 
The second infection was achieved using an amphotropic MSCV-miR-92-PGK-Puro-
IRES-GFP retrovirus. Doubly infected cells were then selected using puromycin. In 
figure 5H, double infection of R26MER/MER MEFs with pRetroX-fbw7-IRES-DsRedExpress 
and MSCV-miR-92-PGK-Puro-IRES-GFP were similarly performed. For all experiment 
with primary murine B-cells, bone marrow cells were cultured for 48h before retroviral 
infection and collected or analyzed 72h after infection. After 5 days in culture, the 
percentage of B220-positive cell is 100%. In figure 3E and Figure3-sup1, B-cells were 
infected with MSCV retrovirus containing a PGK-Puro-IRES-GFP cassette. FACS 
analysis was performed after gating on the GFP-positive population. In Figure 5A, the 
collected B-cells were infected with retrovirus containing SV40-CD4 cassette. Infected 
cells were purified with Human CD4 Micro-beads (Miltenyi Biotec 130-045-101) using 
MACS Purification Columns MS (Miltenyi Biotec, 130-042-201).   
 

The collection of normal and malignant B-cells in vivo 

Normal mouse B-cells were isolated from the spleen or the bone marrow of 4-6 
week old C57B/6J mice, using CD19 Micro-Beads (Miltenyi Biotec) or by negative 
selection (STEMCELL, Easysep 19754). Similarly, premalignant Eμ-myc B-cells were 
extracted from the bone marrow of 5-6 weeks old Eμ-myc transgenic mice. Malignant 
Eμ-myc B-cells were extracted from the lymph node tumors of terminal-stage Eμ-myc 
mice. In addition, the normal human B cells from periphery blood were FACS sorted 
from the peripheral blood of healthy donors.  
 

Histopathology and immunnotyping 

Mouse tissue samples were fixed in formalin (Fisher, SF100-4), embedded in 
paraffin (Fisher, AC41677-0020), sectioned in 5 µm, and stained with haematoxylin and 
eosin (Fisher, 7211 & 7111).  For caspase-3 (R&D Systems, AF835, 1:200), PCNA (Lab 
Vision Corp., MS-106P, 1:200) and B220 (eBioscience, 14-0452-85, 1:100) detection, 
representative sections were deparaffinized and rehydrated in graded alcohols before 
subjected to antigen retrieval treatment with 10mM sodium citrate buffer 10 minutes in a 
pressure cooker.  Detection of antibody staining was carried out following standard 
procedures from the avidin-biotin immunoperoxidase methods. Diaminobenzidine 
(Invitrogen, 002014) was used as the chromogen and haematoxylin as the nuclear 
counter stain. Quantitation of apoptosis was evaluated by counting the number of starry 
sky foci in 3 fields (40X) from 7 representative animals of each genotype, as well as by 
counting the number of caspase-3 positive cells in 3 fields (40X) from 5 representatives 
animals of each genotype.   

To determine the cell surface markers of the lymphoma cells harvested from the 
animals, cells were resuspended in 10% FBS/PBS to reach a concentration of 107 

cells/ml. 20 ul of this cell suspension was stained with antibodies diluted in 10% 
FBS/PBS for 1 hour.  Subsequently, cells were washed with 2% FBS/PBS and 
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resuspended in 10% FBS/PBS for flow cytometry analysis. Antibodies used for FACS 
analyses include PE anti-mouse IgM (eBioscience, 12-5790, 1:200), APC-Cy7 anti-
mouse B220 (BD Pharmingen, 552094, 1:200), APC-Cy7 anti-mouse CD4 (BD 
Pharmingen, 552051, 1:200), PE anti-mouse CD8 (BD Pharmingen, 553032, 1:200), PE 
anti-mouse CD25 (BD Pharmingen, 553866, 1:200), and APC anti-mouse CD19 
(Biolegend, 115511, 1:100). 
 

Apoptosis assays and proliferation assays 

Subconfluent MSCV- or miR-92-infected R26MER/MER MEFs were induced and 
serum starved by incubating the cells with 100 nM of 4-hydroxytamoxifen (Sigma, 
H6278) in DMEM with 0.2% fetal bovine serum for 12-24 hours before harvesting the 
cells for apoptosis analyses using APC-Annexin V antibody (BD Pharmingen, 550475, 
1:50) and 7AAD staining solution (BD Pharmingen, 559925). To evaluate the apoptotic 
effects of miR-92 in our adoptive transfer model in vivo, we collected premalignant Eμ-
myc B-cells from spleen or bone marrow of well-controlled Eμ-myc/92 and Eμ-
myc/MSCV mice at 5 weeks post adoptive transfer, and measured the extent of 
apoptosis by FACS. Apoptosis in GFP-positive B220-positive premalignant B-cells was 
measured using the Caspase Detection Kit (Calbiochem, Red-VAD-FMK) following the 
manufacturer's instructions. To quantitate cell proliferation, 10 μM of BrdU was used to 
label primary B-cells for 4 hours and for MEFs for 30 minutes. The percentage of BrdU-
positive cells was determined using the Flow BrdU kit (BD Pharmingen, 552598).  
 

Real time PCR and western analyses  

TaqMan® MicroRNA Assays (Applied Biosystems) were used to measure the 
level of mature miRNAs, including miR-17, 18, 19a, 20, 19b and 92 (ABI, 4427975). 
mRNA level for  
perp (GACCCCAGATGCTTGTTTTC, GGGTTATCGTGAAGCCTGAA),  
noxa (GGAGTGCACCGGACATAACT, TGAGCACACTCGTCCTTCAA),  
puma (GCGGCGGAGACAAGAAGA, AGTCCCATGAAGAGATTGTAC), 
p21 (ACGGTGGAACTTTGACTTCG, CAGGGCAGAGGAAGTACTGG),  
bax (GTTTCATCCAGGATC GAGCAG, CCCCAGTTGAAGTTGCCATC,  
mdm2 (CTCTGGACTCGGAAGATTACAGCC, CCT GTCTGATAGACTGTCACCCG), 
p53 (AACCGCCGACCTATCCTTAC, TCTTCTGTACGGCGGTCTCT),  
ccnb1 (AAGGTGCCTGTGTGTGAACC, GTCAGCCCCATCATCTGCG),  
ccnb2 (GCCAAGAGCCATGTGACTATC, CAGAGCTGGTACTTTGGTGTTC),  
cdc20 (AGACCACCCCTAGCAAACCT, GACCAGGCTTTCTGATGCTC),  
cdc25b (ATTCTCGTCTGAGCGTGGAC, GCTGTGGGAAGAACTCCTTG),  
fbw7 (CGGCTCAGACTTGTCGATACT, CTTGATGTGCAACGGTTCAT),  
gtse1 (GCTTTGCCTGTGAGAGGAAG, CACTCTGGGATCCCTTTTCA),  
bid (CTGCCTGTGCAAGCTTACTG, GTCTGGCAATGTTGTGGATG),  
pten (CACAATTCCCAGTCAGAGGCG, GCTGGCAGACCACAAACTGAG),  
bim (ACCACTATCTCAGTGCAATGGCTTCC, 
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CGGTAATCATTTGCAAACACCCTCCTTG), 
cdk4 (TGGTACCGAGCTCCTGAAGT, GTCGGCTTCAGAGTTTCCAC), and  
c-myc (GTGCTGCATGAGGAGACACCGCC, GCCCGACTCCGACCTCTTGGC)  
were determined using real time PCR analyses with SYBR (Kapa Biosystems, KK4605). 
Actin (GATCTGGCACCACACCTTCT, GGGGTGTTGAAGGTCTCAAA) was used as a 
normalization control in all our real time PCR analysis with SYBR. U6 snRNA assay 
(ABI, 4427975) was used as a normalization control in all our TaqMan® MicroRNA 
Assays (Applied Biosystems).  

For western analyses, all samples were directly collected into Laemmli buffer. 
p53 (Cell Signaling, 1C12), Arf (Novus, 5-C3-1), and c-Myc (Epitomics, 1472-1) 
antibodies were used at 1:1000 dilution. FLAG (Sigma; M2) and Tubulin (12G10) were 
used at 1:2500 dilution.  HRP conjugated secondary antibodies (Santa Cruz Biotech., 
sc-2004 sc-2005 and sc-2006) were used at 1:5000. 
 

Microarray analyses 

Three independent R26MER/MER MEF lines were infected by MSCV vector alone or 
by MSCV vector encoding miR-92. These MEFs were induced and serum starved by 
incubating the cells with 100 nM of 4-hydroxytamoxifen (Sigma, H6278) in DMEM with 
0.2% fetal bovine serum for 12 hours before harvesting the cells for RNA preparation. 
Total RNAs were prepared using Trizol (Invitrogen, 15596018), and subjected to 
microarray analysis using Affymetrix chip Mouse 430_2. To identify differentially 
expressed genes that could be regulated by miR-92, we used gcRMA in the 
bioconductor package(Wu et al., 2004)  and SAM (Significance Analysis of Microarrays) 
(Tusher et al., 2001) for statistical analysis of our microarray data. Gene expression 
signals were estimated from the probe signal values in the CEL files using statistical 
algorithm gcRMA. This data processing at the probe level includes background signal 
subtraction and quantile normalization to facilitate the comparison among microarrays. 
SAM was then used to identify the genes with significant expression level alterations 
between miR-92 overexpressing MEFs and the control MEFs. The genes with at least 
1.5-fold expression level change and FDR < 1% were regarded as differentially 
expressed genes. Pathway analyses were performed on upregulated and 
downregulated genes using the KEGG database (Dennis et al., 2003). 
 

Xenopus embryo apoptosis assays 

Xenopus laevis eggs were collected, fertilized and embryos cultured by standard 
procedures. The miR-19b mimics were produced from the annealing products of 
5’UGUGCAAAUCCAUGCAAAACUGA3’ and 5’AGUUUUGCAGGUUUGCAUCCAUU3’ 
(IDT). The miR-17 mimics were produced from the annealing products of 
5'CAAAGUGCUUACAGUGCAGGUAGU3' and 
5'UACUGCAGUGAAGGCACUUGUAG3'(IDT). The miR-18 mimics were produced from 
the annealing products of 5'UAAGGUGCAUCUAGUGCAGAUAG3' and 
5'ACUGCCCUAAGUGCUCCUUCUG3'(IDT). The miR-19a mimics were produced from 
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the annealing products of 5'AGUUUUGCAUAGUUGCACUA3' and 
5'UGUGCAAAUCUAUGCAAAACUGA3'(IDT). The miR-20 mimics were produced from 
the annealing products of 5'UAAAGUGCUUAUAGUGCAGGUAG3' and 
5'ACUGCAUAAUGAGCACUUAAAGU3'(IDT). The miR-92 mimics were produced from 
the annealing products of 5'UAUUGCACUUGUCCCGGCCUG3' and 
5'AGGUUGGGAUUUGUCGCAAUGCU3'(IDT). The annealing of miRNA mimics were 
performed by combining two complimentary RNA oligos at a stock concentration of 1 
ug/ul, heating the oligos to 80°C for one minute, then cooling down to room temperature 
to allow duplexes to form. The same was done for generating the mutated miR-19 
mimics (Mut-miR-19), by annealing 5’UCAGGUAAUCCAUGCAAAACUGA3’ and 
5’AGUUUUGCAGGUUACCUUCGAUU3’, and mutated miR-92 mimics (Mut-miR-92) by 
annealing 5’UUAUCGACUUGUCCCGG3’ and 5’GGUUGGGAUUGGUUCGA 3’. 

Xenopus embryos were injected into both cells at the two-cell stage with 2 ng of 
each RNA (Walker and Harland, 2009).  The pcDNA3-myc-AGO2 vector, kindly 
provided by Dr. Greg Hannon, was cut using ScaI; and the synthetic hAGO2 mRNAs 
were transcribed using mMessage mMachine T7 kit (Ambion). When indicated, a total 
of 0.5 ng hAGO2 mRNA (Liu et al., 2004) was injected into two-cell stage embryos 
either alone or with 2 ng of each miRNA (Lund et al., 2011). The embryos were then 
treated with hydroxyurea (Sigma, H8627) at a final concentration of 5 mM from stage 3 
until stage 10. Apoptotic embryos were scored as those containing any apoptotic cells 
based on morphological changes.  
 

Luciferase assays 

A luciferase reporter fused with the fbw7 3’UTR was kindly provided by Dr. Hans-
Guido Wendel (Mavrakis et al., 2011b). In this psiCHECK™-2 based reporter, the fbw7 
3’UTR was cloned downstream of the Renilla luciferase reporter, and a separate firefly 
luciferase cassette was used as a transfection control. Because the two predicted miR-
92 binding sites are close to each end of the 3’UTR, we mutated the miR-92 binding 
sites by PCR using the following primers: 3’UTR-Fbw7-Mut-Xho1-F 
(GATCTCGAGCAAGACGACTCTCTAAATCCAACTATTCTTT) and 3’UTR-Fbw7-mut-
Not1-R (ATGCGGCCGCAACACATTTAGTTATAAGAAAATAAAATTT). The PCR 
fragment was subsequently cloned into the XhoI and Not1 sites of the psiCHECK™-2 
vector. The reporter construct, together with 50 nM miR-92 mimics, were transfected 
into Dicer-deficient Hct116 cells (Cummins et al., 2006), with transfection of miR-17 or 
miR-18  as negative controls. Luciferase activity of each construct was determined by 
dual luciferase assay (Promega, E19100) 48 h post-transfection following the 
manufacturer's instructions. The miR-17 mimics were produced by annealing 
5'CAAAGUGCUUACAGUGCAGGUAGU3' and 
5'UACUGCAGUGAAGGCACUUGUAG3'. The miR-18 mimics were produced by 
annealing 5'UAAGGUGCAUCUAGUGCAGAUAG3' and 
5'ACUGCCCUAAGUGCUCCUUCUG3'. The miR-92 mimics were produced by 
annealing 5'UAUUGCACUUGUCCCGGCCUG3' and 
5'AGGUUGGGAUUUGUCGCAAUGCU3'. 
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Fbw7α Immunoprecipitation and western analyses 

Because Fbxw7-substrate degradation was regulated in a cell-cycle-dependent 
manner, we used serum starvation synchronized MEFs to study Fbw7 regulation by 
miR-92 during cell cycle progression. MEFs were made quiescent by serum starvation; 
then Fbw7 expression was examined following release into serum. Cells were lysed in 
NP-40 buffer supplemented with protease inhibitors. Lysates were normalized and 
immunoprecipitated with polyclonal anti-Fbw7 antibody kindly provided by Dr. Bruce 
Clurman (Grim et al., 2008), followed by immunoblotting with polyclonal anti-Fbw7 
antibody (Bethyl Laboratories, A301-720A). Wildtype and FBW7-/- Hct116 cells were 
used respectively as positive and negative controls.  

The construction of the pFLAG-Fbw7α-3’UTR plasmid was previously described 
(Xu et al., 2010). The construct was transfected into the Dicer-deficient Hct116 cells 
together with 50 nM of miR-92 mimics or siRNA against GFP as indicated. Anti-FLAG 
(Sigma, M2) antibody was used to detect the FLAG-Fbw7α by Western blot 48h after 
transfection. 
 

Cyclin E dependent Kinase Assays 

Cyclin E-CDK complexes were immunoprecipitated from MSCV or miR-92 
infected Rosa26MER/MER MEFs extracts using affinity-purified polyclonal antibody, 
provided by Bruce Clurman (Minella et al., 2008). Cyclin E immunoprecipitates were 
then incubated with purified histone subunit H1 (Sigma) and [gamma-32P]ATP to 
measure cyclin E-dependent kinase activity. The anti-Grb2 monoclonal (BD 
Biosciences) antibody was used a normalization control.  
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Figure 1 miR-92 negatively regulates the mir-17-92 oncogenic activity in the Eµ-
myc B-lymphoma model.   
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Figure 1 miR-92 negatively regulates the mir-17-92 oncogenic activity in the Eµ-
myc model.  A. The gene structure of the mir-17-92 polycistron and its mutated 
derivatives. Light colored boxes, pre-miRNAs; dark colored boxes, mature miRNAs. 
Homologous miRNA components are indicated by the same color. B. Schematic 
representation of the adoptive transfer protocol using Eμ-myc hematopoietic stem and 
progenitor cells (HSPCs). Eμ-myc/+ HSPCs were extracted from E13.5-E15.5 mouse 
embryos, infected with MSCV retroviral vectors overexpressing mir-17-92 and its 
derivatives, and finally transplanted into lethally irradiated recipient mice. Lymphoma 
onset of the adoptive transferred mice was monitored to evaluate the oncogenic 
collaboration between c-Myc and a specific miRNA. C. miR-92 deficiency specifically 
accelerates the oncogenic activity of mir-17-92 in the Eµ-myc model. Using the Eµ-myc 
adoptive transfer model, we compared the oncogenic effects between mir-17-92 and 
mir-17-92Δ92, and observed a significant acceleration of tumor onset in Eµ-myc/mir-17-
92Δ92 mice (p < 0.0001, left). When the oncogenic effects of mir-17-92, mir-17-92Δ92 
and mir-17-92Mut92 were compared in the same adoptive transfer model, mir-17-92Δ92 
and mir-17-92Mut92 similarly accelerated Eµ-myc induced lymphomagenesis compared 
to mir-17-92 (p < 0.0001 for both comparisons, middle). Deficiency of miR-20 failed to 
affect the oncogenic cooperation between mir-17-92 and Eµ-myc, having minimal 
effects on tumor onset (right). D. The mutation of miR-92 has minimal effects on the 
levels of the remaining mir-17-92 components. Eµ-myc B-lymphoma cells were infected 
with MSCV retrovirus overexpressing mir-17-92, mir-17-92Δ92 and mir-17-92Mut92 at 
an MOI (multiplicity of infection) of 1. Expression levels of miR-17, 18a, 19a, 20a, 19b 
and 92 were subsequently determined using Taqman miRNA assays. Error bars 
indicated s.d. (n = 3). ** p <0.01, *** p <0.001, **** p <0.0001.  
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Figure 2 The miR-92 deficient mir-17-92 cooperates with c-Myc to promote highly 
aggressive B-lymphomas.  
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Figure 2 The miR-92 deficient mir-17-92 cooperates with c-Myc to promote highly 
aggressive B-lymphomas. A. The percentage of IgM positive and IgM negative B-
lymphomas was calculated for each genotype (Eµ-myc/MSCV, n=10; Eµ-myc/17-92, 
n=9; Eµ-myc/17-92Δ92, n=10; Eµ-myc/17-92Mut92, n=10). B. The Eµ-myc/17-92Mut92 
and Eµ-myc/17-92Δ92 mice developed high grade B-lymphomas that were frequently 
disseminated into the liver. When compared to Eµ-myc/MSCV and Eµ-myc/17-92 mice, 
Eµ-myc/17-92Mut92 and Eµ-myc/17-92Δ92 lymphomas gave rise to more liver 
dissemination, as indicated by H&E and B220 staining. C. Eµ-myc/17-92Mut92 and Eµ-
myc/17-92Δ92 lymphomas exhibited a decreased apoptosis compared to Eµ-
myc/MSCV or Eµ-myc/17-92 lymphomas. Representative lymphomas were stained for 
H&E, cleaved Caspase-3 and PCNA. Arrow, “starry sky” feature of apoptotic lymphoma 
cells; arrowhead, apoptotic cells with positive staining for cleaved caspase-3; scale bar, 
50um. D, E. Apoptosis was quantitatively measured in representative lymphomas of 
each genotype using the “starry sky” features (D) and cleaved caspase-3 staining (E). * 
p <0.05, ** p <0.01, *** p <0.001. 
 
  



22 

Figure 3 miR-92 enhances both c-Myc-induced apoptosis and c-Myc-induced 
proliferation.   
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Figure 3 miR-92 enhances both c-Myc-induced apoptosis and c-Myc-induced 
proliferation. A. The schematic representation of the adoptive transfer model to 
evaluate the miR-92 effects on the Eµ-myc premalignant B-cells in vivo. B. miR-92 
overexpression enhances the apoptotic response in the pre-malignant Eµ-myc B-cells in 
vivo. Using the Eµ-myc adoptive transfer model, we generated well controlled Eµ-
myc/MSCV and Eµ-myc/92 mice reconstituted from donor matched Eµ-myc HSPCs.  
Premalignant Eµ-myc splenic B-cells were isolated from the Eµ-myc/MSCV and Eµ-
myc/92 mice 6 weeks after reconstitution. The in vivo apoptosis was measured by the 
level of caspase activation using Red-VAD-FMK, a fluorescently labeled caspase 
inhibitor that specifically bound to cleaved caspases. The percentage of Eµ-myc B-cells 
positive for cleaved caspases was shown for four representative experiments. C. 
Enforced miR-92 expression in R26MER/MER MEFs significantly enhanced c-Myc-induced 
apoptosis. We serum starved miR-92 overexpressing and the control R26MER/MER MEFs 
and activated MycERT2 by 4-OHT treatment. The level of apoptosis of each MEF was 
measured using Annexin V staining before (left) and after (middle) 4-OHT treatment and 
serum starvation.  Quantification of c-Myc-induced apoptosis was performed in three 
independent MEF lines that overexpressed MSCV or miR-92 (right panel, error bars 
represent s.e.m.). D. Enforced miR-92 expression in R26MER/MER MEFs significantly 
enhanced c-Myc-induced proliferation.  Proliferative effects of miR-92 was measured by 
BrdU incorporation in MycERT2 activated R26MER/MER MEFs. miR-92 cooperated with c-
Myc to promote BrdU incorporation in both 10% (left) and 0.2% (middle) serum culture 
conditions.  Quantification of BrdU incorporation was performed in two independent 
experiments (right).  E. miR-92 is a potent mir-17-92 component to promote primary B-
cell proliferation. The proliferative effects of all mir-17-92 miRNAs were measured 
individually in primary B-cells using BrdU incorporation. F. The quantification of BrdU 
incorporation in experiments described in E was performed in four independent 
experiments. Error bars represent s.d., * p <0.05, ** p <0.01.  
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Figure 4 miR-92 induces apoptosis through the activation of the p53 pathway.  
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Figure 4 miR-92 induces apoptosis through the activation of the p53 pathway. A. 
The genes upregulated by miR-92 were enriched for the cell cycle pathway and the p53 
pathway. Microarray analyses compared gene expression profiles of serum starved and 
4-OHT treated R26MER/MER MEFs overexpressing either miR-92 or a control MSCV 
vector (n=3). The differentially expressed genes were defined as those with at least 1.5 
fold expression level change using SAM (Significance Analysis of Microarrays, false 
discovery rate < 1%). Pathway analyses were performed on upregulated and 
downregulated genes using the KEGG database. B. The heatmaps of the miR-92 
upregulated genes enriched for the cell cycle and p53 pathways. C. Components of the 
cell cycle and p53 pathways were upregulated upon miR-92 overexpression in both 
MEFs (left) and primary B-cells (right). The quantitation of gene expression was 
performed using real time PCR. D. miR-92 overexpression induces the accumulation of 
Arf and p53 proteins in MEFs and primary B-cells from bone marrow. Western analyses 
were performed on the R26MER/MER MEFs (left) and primary B-cells (right) that 
overexpressed miR-92 or a control MSCV vector in two independent experiments. The 
infected R26MER/MER MEFs were assayed at 6h after serum starvation and 4-OHT 
treatment; the infected primary B-cells were collected 72 hours post infection. E.  The 
apoptotic effect of miR-92 requires an intact p53 pathway. We infected R26MER/MER 

MEFs with two MSCV retrovirus, MSCV- p53shRNA and MSCV-92 (with puromycin 
selection), to obtain doubly infected cells. Knocking down p53 in R26MER/MER MEFs 
abolished the ability of miR-92 to enhance c-Myc-induced apoptosis, as measured by 
Annexin V staining (two left panels). The percentage of apoptotic MEFs of each 
experimental condition was quantitatively measured (right). F. The induction of the p53 
pathway components by miR-92 is dependent on an intact p53. Knocking down p53 in 
R26MER/MER MEFs abolished the ability of miR-92 to induce pro-apoptotic p53 targets 
and other canonical p53 targets, including noxa, perp and mdm2. Error bars represent 
s.d., * p <0.05, ** p <0.01, *** p <0.001.  
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Figure 5. miR-92 promotes the accumulation of c-Myc protein through repressing 
Fbw7.  
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Figure 5. miR-92 promotes the accumulation of c-Myc protein through repressing 
Fbw7. A. miR-92 enhances the accumulation of c-Myc protein in synchronized 
R26MER/MER MEFs (upper), as well as primary B-cells (lower). The miR-92 
overexpressing and the control R26MER/MER MEFs were synchronized by serum 
starvation, and were collected 12 hours after being released into serum culture 
conditions to determine the c-Myc protein level. This synchronization approach in 
R26MER/MER MEFs has provided us with the most consistent measurement for c-Myc 
protein level, because Fbxw7-substrate degradation is regulated in a cell-cycle-
dependent manner.  B. miR-92 overexpression decreases the turnover of c-Myc protein. 
Serum-synchronized R26MER/MER MEFs that overexpress either miR-92 or the control 
MSCV vector were released into serum for 6 hours, treated with cycloheximide, 
collected at the indicated time points, then analyzed by western blot to determine the 
levels of MycER and the endogenous c-Myc protein. C. Schematic representation of the 
two miR-92 binding sites in the murine fbw7 3’UTR. Additionally, a luciferase reporter 
and a FLAG tagged fbw7 ORF were each placed upstream of a wildtype fbw7 3’UTR, or 
a mutated fbw7 3’UTR that abolished the predicted miR-92 binding. D. The expression 
of Luc-fbw7-3’UTR was specifically repressed by miR-92 in Dicer-/- HCT116, while 
mutations of the two putative miR-92 binding sites within the fbw7-3’UTR (Luc-fbw7-
3’UTRMut) abolished this repression. E. The endogenous fbw7 gene was 
downregulated by miR-92 post-transcriptionally. Both the endogenous fbw7 mRNA (left) 
and the endogenous Fbw7 protein (right) were repressed upon miR-92 overexpression 
in R26MER/MER MEFs. Due to the lack of a proper antibody to detect endogenous Fbw7 in 
regular western analysis, we demonstrated the downregulation of endogenous Fbw7 by 
miR-92 by immunoprecipitation followed by immunoblotting with a polyclonal anti-Fbw7 
antibody. F. miR-92 enhances the accumulation of Cyclin E protein. Overexpression of 
miR-92 increased the accumulation of Cyclin E protein, which was further confirmed by 
the increased Cyclin E-dependent kinase activity.  G. The knockdown of fbw7 
resembles the effect of miR-92 to enhance c-Myc-induced apoptosis. Knocking down 
fbw7 in R26MER/MER MEFs enhanced c-Myc-induced apoptosis, partially recapitulating 
the phenotype caused by miR-92 overexpression.  Apoptosis was quantitatively 
measured by Annexin V staining in two independent lines of R26MER/MER MEFs upon 
serum starvation and 4-OHT treatment. H. Overexpression of fbw7 abolished the 
apoptotic effects of miR-92 in R26MER/MER MEFs. R26MER/MER MEFs were doubly infected 
by pRetro-fbw7Δ3’UTR-Ires-dsRed and MSCV-miR-92. The c-Myc-induced apoptosis 
was quantitatively measured by Annexin V staining in doubly infected R26MER/MER MEFs 
upon serum starvation and 4-OHT treatment. Error bars represent s.d.).* p <0.05; ** p 
<0.01.  
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Figure 6. The antagonistic interaction between miR-19 and miR-92 regulates the 
balance between proliferation and apoptosis.  
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Figure 6. The antagonistic interaction between miR-19 and miR-92 regulates the 
balance between proliferation and apoptosis. A. The schematic representation of the 
Eµ-myc adoptive transfer model to evaluate the functional interaction between miR-92 
and miR-19 in vivo. Light colored boxes, pre-miRNAs; dark colored boxes, mature 
miRNAs. B. miR-19 antagonizes the apoptotic effects of miR-92 in vivo. miR-92 
overexpression in the Eµ-myc adoptive transfer model enhanced apoptosis in 
premalignant Eµ-myc splenic B-cells, while the mir-19b-92 dicistron expression 
abolished this apoptotic effect (left three panels). A quantitative analysis of apoptosis by 
FACS was shown for three independent, well controlled experiments (right). C. miR-19b 
dampens the miR-92-induced apoptosis in MycERT2 activated R26MER/MER MEFs. 
R26MER/MER MEFs were infected by miR-92, mir-19b-92, mir-19b-92Mut19b and the 
MSCV control vector, and were subsequently serum starved and treated with 4-OHT to 
activate MycERT2. Apoptosis in these samples was measured quantitatively using 
Annexin V staining (left four panels). The extent of apoptosis induced by MSCV, miR-
92, mir-19b-92, mir-19b-92Mut19b was normalized to that of MSCV infected R26MER/MER 

MEFs, and then averaged from four independent experiments (right). D. miR-19b 
dampens the miR-92-induced p53 activation. R26MER/MER MEFs that overexpress the 
indicated constructs (miR-92, mir-19b-92Mut19b and mir-19b-92) were collected 48 
hours after infection, and then analyzed by western blot to determine the level of p53 
protein. E. miR-92 and miR-19 exhibit antagonistic effects to regulate hydroxyurea 
(HU)-induced cell death in Xenopus embryos. Representative images of HU-treated 
Xenopus embryos that were co-injected with human Ago2 and the indicated miRNA 
mimics (left). Coinjection of miR-92 dampened the cell survival effects of miR-19 on HU-
induced apoptosis (right, n=3, with >20 embryos in each group). F. miR-92 exhibits a 
specific antagonistic interaction with miR-19. Injection of miR-19a or miR-19b rescued 
HU induced apoptosis in Xenopus embryos. Coinjection of miR-92, but not a mutated 
miR-92, or other mir-17-92 components, dampened the cell survival effect of miR-19 
(n=3, with >20 embryos in each group). Error bars represent s.d., * p <0.05; ** p <0.01.  
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Figure 7. The miR-19:miR-92 antagonism is disrupted during malignant 
transformation.  
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Figure 7. The miR-19:miR-92 antagonism is disrupted during malignant 
transformation. A, B. Compared to normal splenic B-cells, premalignant and malignant 
Eµ-myc B-cells favored a greater increase in mature miR-19 (miR-19a and miR-19b) 
than miR-92. The purified normal splenic B-cells, premalignant Eµ-myc bone marrow B-
cells and malignant Eµ-myc B-lymphoma cells were subjected to Taqman miRNA 
assays to determine the expression level of miR-19a, miR-19b and miR-92. Comparing 
premalignant/malignant Eµ-myc B-cells versus normal splenic B-cells, all three miRNAs 
exhibited an increased level, although the increase in miR-19a or miR-19b was 
significantly higher than that of miR-92 (A).  In the same experiment, the relative ratios 
for miR-19a:miR-92 and miR-19b:miR-92 were measured for all normal splenic B-cells 
and Eµ-myc B-cells (B).  C. Mature miR-19 and miR-92 are differentially expressed in 
normal splenic B-cells and Eµ-myc B-lymphoma cells. The normal splenic B-cells, 
immortalized human B-cells, premalignant Eµ-myc /+ B-cells, and Eµ-myc /+ B-
lymphoma cells were subjected to Northern analysis. Compared to normal splenic B-
cells, both malignant and premalignant Eµ-myc /+  B-cells favored a greater increase of 
miR-19 than miR-92.  D. Compared to normal B-cells isolated from periphery blood, 
human Burkitt’s lymphoma cell lines favor a greater increase in mature miR-19 than 
miR-92. E. Compared to normal livers (LT2), mouse hepatocellular carcinomas caused 
by the inducible c-Myc over-expression (LT2-myc) favor a greater increase in mature 
miR-19 than miR-92. F. A diagram describes our proposed model to explain the 
functional interactions between miR-92 and miR-19 in c-Myc-induced B-
lymphomagenesis. Aberrant c-Myc expression couples rapid proliferation and p53-
dependent apoptosis. miR-92 overexpression further increases c-Myc dosage to 
strengthen this coupling, at least in part by repressing Fbw7. This miR-92 effect ensures 
a potent mechanism to eliminate premalignant c-Myc overexpressing cells. Interestingly, 
miR-92 and can be antagonized by the survival effects of the miR-19 miRNAs encoded 
by the same mir-17-92 miRNA polycistron. Taken together, while miR-19 miRNAs 
repressed c-Myc induced apoptosis to promote the oncogenic cooperation between mir-
17-92 and c-Myc, miR-92 exhibits a negative regulation. Thus, the antagonistic 
interactions between miR-92 and miR-19 confer an intricate crosstalk between 
proliferation and apoptosis. Error bars represent s.d., * p < 0.05; ** p < 0.01, *** p 
<0.001.   
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Figure 1 – figure supplement 1. Gene structure and evolutionary conservation of 
mir-17-92.  
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Figure 1 – figure supplement 1. Gene structure and evolutionary conservation of 
mir-17-92. A. A diagram represents the gene structure of mir-17-92 and its two 
mammalian homologues. The six mir-17-92 components are classified into four distinct 
miRNA families based on the seed sequence conservation. B, C. miR-92 has a more 
ancient evolutionary history compared to the rest of mir-17-92 components. miR-92 is 
evolutionarily conserved in Deuterostome, Ecdysozoa and Lophotrochozoa, yet the 
remaining mir-17-92 components only have vertebrate homologues. D. The mutation of 
miR-92 or miR-20 in the mir-17-92 retroviral construct has minimal effects on the 
expression levels of the remaining mir-17-92 components. 3T3 cells were infected with 
MSCV retrovirus at an MOI (multiplicity of infection) of 1 to overexpress mir-17-92, mir-
17-92Δ92 and mir-17-92Mut92 (left), or overexpress mir-17-92Mut20 (right). Expression 
levels of miR-17, 18a, 19a, 20a, 19b and 92 were each determined using Taqman 
miRNA assays. Error bars indicated s.d. (n = 3) 
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Figure 3—figure supplement 1. miR-92 enhances c-Myc-induced apoptosis both 
in vitro and in vivo.  
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Figure 3—figure supplement 1. miR-92 enhances c-Myc-induced apoptosis both 
in vitro and in vivo. A. miR-92 enhances the apoptotic response in the pre-malignant 
Eµ-myc B-cells in vivo. Using the Eµ-myc adoptive transfer model, we generated well 
controlled Eµ-myc/MSCV and Eµ-myc/92 mice that were reconstituted from the same 
Eµ-myc HSPCs. The in vivo apoptosis was measured by the level of caspase activation 
6 weeks after the transplantation. The percentage of Eµ-myc B-cells positive for cleaved 
caspases was shown for four independent experiments. B. miR-92 infected, 
premalignant Eµ-myc B-cells is significantly depleted in the Eµ-myc adoptive transfer 
model. . We generated well controlled Eµ-myc/MSCV and Eµ-myc/92 mice 
reconstituted from the same Eµ-myc HSPCs. We measured the percentage of 
retrovirally infected cells (GFP+) before reconstitution (left), and demonstrated similar 
infection efficiency in Eµ-myc/MSCV and Eµ-myc/92 mice. At day 33 post adoptive 
transfer, we isolated white blood cells from the periphery blood of these mice, and 
measured the percentage of retrovirally infected, Eµ-myc B-cells (B-220-positive; GFP-
positive cells) using FACS . Error bars indicated s.d., n=4, ** p < 0.01. C. Enforced miR-
92 expression in R26MER/MER MEFs significantly enhanced c-Myc-induced apoptosis. 
The miR-92 effect was most evident when the infected R26MER/MER MEFs were serum 
starved and treated with 4-OHT. D. miR-92 is required for the potent proliferative effect 
of mir-17-92 in primary B-cells. miR-92 deficient mir-17-92 miRNA polycistrons exhibited 
a reduced BrdU incorporation in primary B-cell culture in vitro. 
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Figure 4—figure supplement 1. miR-92 overexpression triggers the activation of 
the p53 pathway.   
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Figure 4—figure supplement 1. miR-92 overexpression triggers the activation of 
the p53 pathway. A. miR-92 overexpression in R26MER/MER MEFs induced several p53 
target genes in addition to those described in Figure 3C, including mdm2, Gtse1 and 
Bid, but not p21. B. Induction of p53 targets by miR-92 in R26MER/MER MEFs with and 
without MycERT2 activation. C. miR-92 overexpression alone enhanced Arf and p53 
protein level in R26MER/MER MEFs with and without 4OHT treatment. D. miR-92 
overexpression did not affect p53 mRNA levels in either primary B-cells or in R26MER/MER 

MEFs. Error bars indicated s.d., n=3, * p < 0.05; ** p < 0.01. 
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Figure 5—figure supplement 1. miR-92 overexpression enhances c-Myc protein 
level by repressing Fbw7.  
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Figure 5—figure supplement 1. miR-92 overexpression enhances c-Myc protein 
level by repressing Fbw7. A. miR-92 overexpression did not affect c-myc mRNA 
levels in two independent primary B-cells. B. The c-Myc dosage determines the degree 
of c-Myc-induced apoptosis in R26MER/MER MEFs. When R26MER/MER MEFs were 
compared with R26MER/+ MEFs, a two fold increase in the MycERT2 dosage significantly 
enhanced the c-Myc-induced apoptotic response upon serum starvation. This effect was 
observed in R26MER/MER MEFs either with or without miR-92 overexpression. C. 
Negative regulators of c-Myc that contain a putative miR-92 binding site(s) were 
screened for miR-92-mediated repression in R26MER/MER MEFs that overexpress miR-92 
or a control MSCV vector. Only fbw7 exhibited a miR-92–mediated repression. (Error 
bars indicated s.d., n=3, ** p < 0.01). D. The expression of FLAG-fbw7-3’UTR was 
significantly repressed by miR-92 in Dicer-/- HCT116 cells. E. The c-MYC upregulation 
by miR-92 requires an intact fbw7. The effect of miR-92 to upregulate c-MYC protein 
level was observed in wildtype Hct116 cells, but largely absent in FBW7-/- Hct116 cells. 
F. fbw7 knockdown by RNAi in R26MER/MER MEFs recapitulated the c-Myc upregulation 
by miR-92. G. fbw7 is downregulated in Eµ-myc lymphomas that overexpress miR-92. A 
panel of Eµ-myc/MSCV (n=9), Eµ-myc/17-92 (n=7), Eµ-myc/17-92Δ92 (n=6) and Eµ-
myc/17-92Mut92 (n=5) lymphomas were compared for their expression level of 
endogenous fbw7. Eµ-myc/17-92 lymphomas exhibited a specific decrease of fbw7 
compared to the other genotypes, possibly due to the miR-92 overexpression. Error 
bars indicated s.d., * p < 0.05; ** p < 0.01. 
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Figure 6—figure supplement 1. Functional antagonism between miR-19:miR-92 
regulates the balance between proliferation and apoptosis.
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Figure 6—figure supplement 1. Functional antagonism between miR-19:miR-92 
regulates the balance between proliferation and apoptosis. A. miR-19 antagonizes 
the apoptotic effects of miR-92 in vivo. miR-92 overexpression enhanced apoptosis in 
premalignant Eµ-myc bone marrow B-cells in vivo, while coexpression of miR-19 and 
miR-92 as a dicistron (mir-19b-92) abolished this apoptotic effect (left three panels). A 
quantitative analysis of apoptosis by FACS was shown for three independent 
experiments (right). B. miR-19 has no effects on the level of c-Myc protein.  While miR-
92 overexpression significantly enhanced the level of c-Myc in R26MER/MER MEFs, co-
expression of miR-19b and miR-92 did not reverse the increase in c-Myc expression. In 
addition, miR-19b expression alone did not impact the dosage of c-Myc protein. C. 
Xenopus fbw7 contains one predicted target site for miR-92.This predicted miR-92 
binding site is conserved between Xenopus and mouse.   
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Figure2—table supplement 1. Flow cytometric immunophenotyping of Eµ-myc 
lymphomas with enforced expression of different mir-17-92 derivatives.  
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Figure2—table supplement 1. Flow cytometric immunophenotyping of Eµ-myc 
lymphomas with enforced expression of different mir-17-92 derivatives. 
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Summary 

Coordinately expressed miRNAs within a single polycistron possess a unique 
capacity for gene regulation.  The stoichiometric balance established within the primary 
transcript may be altered by one or many discrete post-transcriptional mechanisms, 
each affecting the abundance of a specific miRNA from the cluster, allowing for distinct 
modulation of the cluster’s pleiotropic functions.  This mode of operation necessitates 
factors that integrate contextual information from upstream signaling pathways in order 
to modulate the abundance of specific miRNAs within the cluster.  We have explored 
these fundamental concepts by extending our previous observation that two 
antagonistic miRNAs within mir-17-92 are discriminately regulated during 
transformation, and by identifying RBPs as factors that act as both c-Myc-signaling 
effectors as well as specificity determinants to regulate miR-19 and miR-92. 
 

Introduction 

Although many studies have reported a global downregulation of miRNAs in 
human cancers, other studies have revealed perturbations in distinct miRNAs as a 
result of oncogenic signaling.  For example, many groundbreaking studies have 
identified transcription factors, with well-established notoriety in the cancer research 
field, that regulate the expression of specific miRNAs (He et al., 2005, 2007).  While 
these studies highlight transcriptional regulation of miRNAs that modulate 
tumorigenesis, recent reviews bring to light defects in miRNA function as a 
consequence of altered post-transcriptional regulation (Bail et al., 2010; Ha and Kim, 
2014; Krol et al., 2010).  Work from our lab and others have shown that the miRNA 
polycistron known as mir-17-92 is transcriptionally regulated by the oncogenic 
transcription factor known as c-Myc, and miR-19 is the key component that cooperates 
with c-Myc to accelerate the development of lymphoma in a mouse model of Burkitt’s 
Lymphoma (He et al., 2005; Olive et al., 2009).  In a recent study we observed that c-
Myc discriminately affects the abundance of specific miRNAs within the mir-17-92 
cluster, a situation that is not easily explained by altered transcription of the 
coordinately-transcribed miRNAs within the cluster.  This observation calls into question 
whether c-Myc regulates the expression of distinct members of mir-17-92 through post-
transcriptional mechanisms to provide specificity. 

Studies suggest that the abundance of mir-17-92 miRNAs are differentially 
regulated during normal biological processes including B-cell development and B-cell 
activation.  Expression profiling of normally developing B-cells has revealed that 
expression of all mir-17-92 miRNAs are induced in the pro-B-cell stage during which IgH 
rearrangements occur; however, during the subsequent stage, a pre-B-cell-receptor-
dependent proliferative burst coincides with reduced expression of miR-17, miR-19a, 
miR-20, and miR-19b, while expression further increases for miR-18 and miR-92 
(Spierings et al., 2011).  This specific regulation, which affects the ratio of miR-19:miR-
92 during normal development, has been mirrored in an in vitro model of B-cell-
receptor-activation-induced apoptosis and B-cell mediated tolerance, wherein 
stimulation with anti-IgM results in a marked reduction of all members of the mir-17-92 
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cluster, except miR-92 which did not change (Kluiver and Chen, 2012).  In another 
study, splenic B-cells stimulated with the combination of LPS and IL-4 show a striking 
induction of miR-19a and miR-19b, with no change in expression of miR-92 (Kuchen et 
al., 2010).  In light of the fact that mir-17-92 miRNAs are coordinately transcribed in 
stoichiometric amounts, these studies highlight the intriguing possibility that post-
transcriptional regulation of mir-17-92 miRNAs underlies their functional capacity, 
ultimately influencing fundamental processes in normal B-cell biology. 

Similarly, studies which interrogate the function of mir-17-92 in the context of 
oncogenic processes have also shown distinct patterns of regulation for miR-19 and 
miR-92.  In Chapter 1 of this dissertation we outline an antagonistic interaction between 
miR-19 and miR-92 which is disrupted in c-Myc-induced tumors, ultimately affecting the 
abundance and functional capacity of miR-19 and miR-92 (Olive et al., 2013).  In a 
similar study, overexpression of mir-17-92 in CD19+ B-cell cells results in a wide 
spectrum of transplantable B-cell lymphomas that overexpress miR-19 to a greater 
extent than miR-92 (Jin et al., 2013).  In an in vitro model of Burkitt’s Lymphoma, a 
study aimed at identifying c-Myc-regulated miRNAs showed that withdrawal of aberrant 
c-Myc results in a more striking reduction of mature miR-19, while mature miR-92 is 
reduced more moderately (O’Donnell et al., 2005).  In contrast, a recent study utilizing 
the same in vitro model suggests that withdrawal of aberrant c-Myc results in a specific 
reduction of pri-miR-92 alone (Wang et al., 2013).  Future studies that more clearly 
delineate the effect of c-Myc in the biogenesis or stability of mir-17-92 miRNAs may 
reconcile these observations. 

In this chapter, we attempt to identify a mechanism, which is downstream of 
oncogenic c-Myc activation, that specifically alters the ratio of miR-19:miR-92.  First, we 
address the effect of aberrant c-Myc on miR-19 and miR-92 expression, including 
precursor and mature forms of each miRNA.  Next, we identify RNA-binding proteins 
(RBPs) as candidate effectors of oncogenic c-Myc signaling that could specificically 
bind and regulate either miR-19 or miR-92.  Then, we examine whether these candidate 
RBPs are required to maintain the abundance of either miR-19 or miR-92.  Last, we 
explore the putative physical interaction between one candidate RBP and its 
corresponding miRNA.  This combined approach has furthered our understanding of 
how neoplastic processes specifically alter miRNA abundance and function, as well as 
the determinants of specificity for these defects. 
 

Results 

We have recently reported that c-Myc-induced transformation perturbs the 
balance between oncogene signaling and tumor suppressor responses imparted by 
miR-19:miR-92 antagonism (Olive et al., 2013).  Our observation that mature miR-19 
and mature miR-92 are distinctly altered in Eµ-myc tumors calls into question whether c-
Myc affects the biogenesis or stability of these miRNAs.  In order to determine whether 
c-Myc affects the intermediates that are generated during these miRNAs’ maturation, 
we measured the abundance of pre-miR-19 and pre-miR-92 in Eµ-myc tumor lines and 
normal splenic B-cells.  Similar to our previous observations of the mature miRNAs, we 
found that that tumors from Eµ-myc mice favored a greater increase of pre-miR-19 than 
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pre-miR-92, in three out of four tumor lines as compared to normal splenic B-cells 
(Figure 1A, B, C).  This observation is consistent with c-Myc affecting the processing or 
stability of specific pri- or pre-miRNA intermediates, however more studies are 
necessary to establish prevalence and statistical significance.  In order to address 
whether aberrant c-Myc also alters pre-miR-19 and pre-miR-92 in human cells, we 
measured the abundance of these precursor miRNAs using an in vitro model for c-Myc 
activation in Burkitt’s lymphoma (Pajic et al., 2000).  Tetracycline-induced withdrawal of 
aberrant MYC in P493-6 cells resulted in a 2-fold reduction in both mature miR-19 and 
mature miR-92, coincident with a marked reduction of both pre-miR-19 and pre-miR-92 
to levels that are undetectable at 72h after MYC withdrawal (Figure 1D).  The mutual 2-
fold reduction suggests that these mature miRNAs are degraded at similar rates upon 
withdrawal of c-Myc, although this interpretation relies on the precursors being quickly 
consumed since sustained biogenesis could confound this interpretation.  While rapid 
consumption of the precursor miRNAs is in line with the complete absence of pre-miR-
19 and pre-miR-92 we observed after withdrawing MYC, additional studies are 
necessary to identify both the time at which pre-miR-19 and pre-miR-92 are completely 
consumed, as well as the rate of decay of mature miR-19 and mature miR-92 afterward.  
The results of these proposed studies would more stringently exclude the possibility that 
mature miR-19 and miR-92 have different rates of decay, particularly in the absence of 
aberrant c-Myc. 

While many studies have identified transcription factors that regulate the 
expression of specific miRNAs, the observed differential regulation between miR-19 and 
miR-92 is not easily attributed to differences in transcription which, by convention, would 
affect each member of mir-17-92 equally.  A few RBPs have been shown to interact with 
the terminal loop of specific miRNAs in order to post-transcriptionally regulate their 
expression (Guil and Cáceres, 2007; Heo et al., 2008; Michlewski et al., 2008; Newman 
et al., 2008; Trabucchi et al., 2009).  Maintaining this type of physical interaction would 
necessitate conservation of the loop sequence, therefore we assessed the degree of 
conservation within the terminal loop of miR-19 and miR-92.  We observed a high 
degree of conservation within the terminal loop of miR-17, miR-18a, miR-19a, miR-20, 
and miR-19b, while the terminal loop of miR-92 was relatively less conserved (Figure 
2A).  The high degree of conservation, particularly within the terminal loop of miR-19, 
suggests this region may function as a docking site for an RBP.  Therefore, we used 
RNA-pull-down and mass spectrometry to identify proteins that, only in the context of 
aberrant c-Myc in P493-6 cells, specifically interact with either pre-miR-19b or pre-miR-
92, but not both.  Using these criteria, we identified RBPs HNRNPU, HNRNPK, and 
EIF2S1 bind to pre-miR-19b, while HNRNPD, HNRNPA3, STAU2, and SRSF3 bind to 
pre-miR-92, each interaction occurring in a c-Myc-dependent manner (unpublished; 
Gracjan Michlewski). 

The context-dependent nature of these putative interactions is consistent with c-
Myc regulating the transcription of these RBPs.  In order to determine whether c-Myc 
regulates the transcription of these RBPs, we measured their expression in the 
presence and absence of aberrant c-Myc in P493-6 cells.  We found that c-Myc 
activation is correlated with increased expression of, surprisingly, all of our candidates 
except SRSF3, suggesting that these RBPs may be transcriptionally regulated by c-Myc 
(Figure 3A).  In order to determine whether expression of these RBPs is similarly 
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regulated in the Eµ-myc mouse model of Burkitt's Lymphoma, we measured their 
expression in Eµ-myc/+ tumors and normal splenic B-cells.  Similarly, aberrant c-Myc in 
these tumors is correlated with increased expression of all of the RBP candidates, in 
this case including Srsf3 (Figure 3B). In order to address the extent to which these 
findings are applicable to human B-cell cancers, we analyzed a panel of 8 human B-cell 
tumor lines for expression of MYC, expression of CDK4 as a proxy for MYC activity, as 
well as expression of each RBP.  We found that the expression of four out of the seven 
RBPs—HNRNPU, HNRNPK, HNRNPD, and SRSF3—significantly correlated with 
CDK4 levels (Figure 3C).  The correlation between these four RBPs’ expression and 
MYC expression did not reach statistical significance in this set of human tumors 
(Figure 3D), perhaps due to differences in post-transcriptional deregulation of c-Myc 
among this set of tumor lines.  Together, these data suggest that a subset of these 
candidate RBPs—HNRNPU, HNRNPK, HNRNPD, and SRSF3—are putatively bound to 
either miR-19b or miR-92, transcriptionally regulated by Myc, overexpressed in Burkitt’s 
Lymphoma, and therefore plausible candidates for trans-acting factors that alter the 
ratio of miR-19:miR-92. 

As putative regulators of mir-17-92 miRNAs, next we addressed whether these 
candidate RBPs are required to maintain the level of miR-19 or miR-92.  To this end, we 
generated and tested five lentiviral short hairpin RNA constructs to knock-down the 
expression of each RBP in Eµ-myc tumor lines that we previously have shown exhibit 
an altered miR-19:miR-92 ratio.  We found that a modest reduction of Hnrnpu, an RBP 
that interacts with miR-19b, reduced the level of miR-19b (Figure 4A).  This observation 
is consistent with the possibility that Hnrnpu facilitates either the biogenesis or the 
stability of miR-19b.  On the other hand, Hnrnpk was not required for maintaining miR-
19b levels (data not shown).  The analogous experiments to determine whether Hnrnpd 
and Srsf3 regulate miR-92 has not yet been completed.  With the combined putative 
binding, c-Myc activity correlated expression, and requirement for miR-19b regulation, 
next we explored whether these RBP-miRNA interactions are present in previously 
published high-throughput RNA-protein crosslinking and immunoprecipitation (CLIP-
Seq) data. 

Studies have shown that various hnRNPs can interact with a protein-coding 
mRNAs to regulate processing of their precursors (Huelga et al., 2012).  In order to 
determine whether HNRNPU also binds to miRNAs to regulate their processing, we 
mapped these HNRNPU CLIP-Seq reads to known high-confidence miRNAs in 
miRBase.  Indeed, among HNRNPU-bound miRNAs, mir-19b is the single most highly 
represented miRNA (Figure 5A), with mir-19b-mapped reads containing T to C 
transitions within the terminal-loop (Figure 5B) consistent with UV-crosslinking-induced 
mutation sites (Kishore et al., 2011; Zhang and Darnell, 2011).  Furthermore, the 
interaction between mir-19b and HNRNPU is specific since the same analysis does not 
identify mir-19b in CLIP-Seq reads obtained from other hnRNPs in this study, including 
HNRNPA1, HNRNPA2B1, HNRNPF, and HNRNPM (data not shown).  Validating our 
approach, the same analysis revealed mir-18a as the most highly represented 
HNRNPA1-bound miRNA (Figure 5C), an interactions that has been shown to facilitate 
cleavage by Drosha by inducing relaxation in the pri-miR-18a stem (Guil and Cáceres, 
2007; Michlewski et al., 2008). 
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Discussion 

In light of the altered ratio of miR-19:miR-92 we previously reported, we 
questioned whether the abundance of each pre-miRNA might also be affected.  Similar 
to our previous study, Eµ-myc/+ transformed tumors also exhibit a greater increase of 
pre-miR-19 as compared to pre-miR-92 in most of the tumor lines, relative to normal 
splenic B-cells.  We have observed that premalignant Eµ-myc/+ B-cells possess an 
altered miR-19:miR-92 ratio that is even more striking than terminal tumors, consistent 
with an intact p53-dependent response which selects for a greater miR-19:miR-92 ratio.  
Thus, it will be interesting to also examine the ratio of pre-miR-19:pre-miR-92 at this 
early stage of transformation.  Altogether, one simple interpretation is that c-Myc alters 
the ratio of miR-19:miR-92 at some point after transcription but before processing by 
Dicer, for example by modifying Drosha-processing kinetics or precursor stability.  While 
we did not detect obvious differences in the stability of mature miR-19 or miR-92, 
additional studies are necessary to confirm the stability of the mature miRNAs, and to 
determine whether c-Myc regulates the stability of their precursors.  In addition, these 
studies do not address the possibility that c-Myc regulates the localization of mir-17-92 
components. 

The distinct regulation between miR-19 and miR-92 that we observed suggested 
the existence of a factor that couples c-Myc activation to miRNA abundance.  We have 
identified at least one factor that is transcriptionally regulated by c-Myc, specifically 
binds to one of these miRNAs, and is required for maintaining the abundance of the 
bound miRNA.  Originally identified as a component of either heterogeneous 
ribonucleoprotein particles or as a scaffold attachment factor, HNRNPU has been 
shown to be important for regulation of transcription, RNA processing, and nuclear 
organization(Kiledjian and Dreyfuss, 1992; Kukalev et al., 2005; Romig et al., 1992).  
Furthermore, reduced expression of HNRNPU resulting from a gene trap insertion has 
been shown to be lethal in developing mouse embryos (Roshon and Ruley, 2005).  Our 
current findings reveal yet another possible function of HNRNPU, post-transcriptional 
regulation of mRNA abundance. 



50 

Methods and materials 

Molecular cloning 

Lentiviral vectors were constructed as according to Addgene’s pLKO.1 protocols 
(http://www.addgene.org/tools/protocols/plko/).  Briefly, primers were kinased, annealed, 
and ligated into the AgeI/EcoRI sites of the pLKO.1 backbone.  Clones were validated 
by digesting with EcoRI and NcoI, as well as sequencing.  Primer sequences for 
generating these constructs are included in Table 1. 

Cell culture and lentiviral infection 

Splenic B-cells were isolated from mice and were purified selected by negative 
selection (Miltenyi Biotec; MACS B Cell Isolation Kit #130-090-862).  Tumor cells 
harvested from lymph nodes of terminal-stage Eµ-myc/+ mice were cultured in 45% 
DMEM, 45% IMDM with 10% fetal bovine serum, 50 μM β-mercaptoethanol (Sigma ; 
M3148), with antibiotics on irradiated NIH-3T3 feeder cells.  P493-6 cells were cultured 
in 90% RPMI 1640, 10% fetal bovine serum (FBS), and antibtiotics, with 0.1 ug/mL of 
doxycycline for 72h in order to turn off the expression of the c-MYC transgene. 

Lentivirus was generated according to Addgene’s pLKO.1 protocols 
(http://www.addgene.org/tools/protocols/plko/), then concentrated by ultracentrifugation 
at 83,000g for 2h with a 20% sucrose cushion.  Virus was resuspended in 45% DMEM, 
45% IMDM with 10% fetal bovine serum, 50 μM β-mercaptoethanol (Sigma; M3148), 
with antibiotics, and then used for infection of Eµ-myc/+ B-cells.  Cells were collected in 
Trizol after recovery and selection with puromycin. 

Expression analyses 

Northern blots were performed using standard protocols.  Briefly, total RNA 
extracts resolved by 12% PAGE were transferred to Hybond-XL membranes (GE 
Healthcare Life Sciences; RPN303S), UV-crosslinked, and then incubated overnight 
with T4-PNK-labeled and G-25-purified oligonucleotides in 5x SSC, 20 mM Na2HPO4 
pH 7.2, 7% SDS, 2x Denhardt’s, and 40 ug/mL sheared salmon sperm DNA.  Blots 
were washed in 3x SSC, 25 mM Na2HPO4 pH 7.5, and 5% SDS, then washed with 1x 
SSC, and 1% SDS, prior to phosphorimaging and then quantification using ImageJ.  
The sequences of the probes used for northern blot analyses are included in Table 2. 

Real time PCR analyses were performed using total RNA extracts  For mRNA 
expression, iScript-synthesized (Bio-Rad; 170-8843) cDNAs were quantified using real-
time PCR using SYBR (Kapa Biosystems, no. KK4604).  The sequences of the primers 
used for real time PCR are included in Table 3.  For miRNA expression, reverse 
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transcribed cDNAs (Applied Biosystems, no. 4368814) were analyzed using real-time 
using TaqMan miRNA assays (Applied Biosystems) to detect mature miR-19a, mature 
miR-19b, mature miR-92a-1, or U6. 

Conservation 

The phastCons 100-way profile (Pollard et al., 2010; Siepel et al., 2005) hosted 
by UCSC (http://hgdownload.cse.ucsc.edu/goldenpath/hg19/phastCons100way/) was 
visualized using IGV (Robinson et al., 2011; Thorvaldsdóttir et al., 2013).  The precursor 
miRNA region as defined by the Drosha cut site, as well as miRNA loop region as 
defined by the Dicer cut sites are shown as annotated in miRBase. 

Analysis of CLIP-seq reads 

Previously published data (Huelga et al., 2012) were analyzed using the 
miRDeep2 wrapper script (Friedländer et al., 2008, 2012).  Briefly, reads from the NCBI 
GEO database (GSE34992) were downloaded, replicates concatenated, then 
concatenated reads were collapsed and mapped to hg18 using mapper.pl with the 
following parameters: -c -j -k ATCTCGTATGCCGTCTTCTGCTTG -l 15 -m -p ./hg18 -s 
collapsed_reads.fa -t collapsed_reads_vs_genome.arf –v.  Reads that map to high-
confidence miRNAs, as defined by miRBase, were quantified using quantifier.pl with the 
following parameters: -g 1 -p ./high_conf_hairpin_hsa_rna.fa -
m ./high_conf_mature_hsa_rna.fa -r ./collapsed_reads.fa -t hsa -y 
collapsed_reads_high_confidence. 
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Figure 1.  Malignant transformation disrupts the balance between miR-19 and 
miR-92 at the level of the precursor.  
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Figure 1.  Malignant transformation disrupts the balance between miR-19 and 
miR-92 at the level of the precursor.  A.  Pre-miR-19 (pre-miR-19a and pre-miR-19b) 
and pre-miR-92 are differentially expressed in normal splenic B-cells and Eµ-myc/+ B-
lymphoma cells. The normal splenic B-cells and Eµ-myc/+ B-cell tumors were subjected 
to Northern analysis. Compared to normal splenic B-cells, malignant Eµ-myc/+ B-cells 
acquire a large increase in pre-miR-19, while pre-miR-92 remains at similar levels. U6 
values are normalized to wild-type splenic B-cells, while values for each pre-miRNA is 
both corrected for by the U6loading control, as well as normalized to wild-type splenic 
B-cells. B, C.  Relative fold change and relative miR-19/miR-92 ratio have been 
quantified from A. D.  Upon withdrawal of aberrant MYC for 72h in human P493-6 B-
cells, mature miR-19 and mature miR-92 are reduced to similar a similar extent, while 
the pre-miR-19 and pre-miR-92 are undetectable.  Error bars represent standard 
deviation.  
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Figure 2.  Multiple sequence alignments of mir-17-92 precursors show 
conservation within the terminal loop.  
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Figure 2.  Multiple sequence alignments of mir-17-92 precursors show 
conservation within the terminal loop.  A.  The members of the mir-17-92 cluster 
show exhibit a high level of conservation as indicated by the phastCons profile (blue 
track). In particular, pre-miR-19a and pre-miR-19b-1, and to a lesser extent pre-miR-
92a, each maintain relatively high conservation within the terminal loop (black bar), as 
compared to their paralogs shown in B. B.  Two paralogs from the mir-106a-363 cluster, 
pre-miR-19b-2 and pre-miR-92a-2, are not conserved in their terminal loops.  All pre-
miRNAs are shown with respect to positive or negative strand, labeled at their 5’ end.  
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Figure 3.  A subset of RBPs that putatively bind to either pre-miR-19b or pre-miR-
92 are transcriptionally regulated by c-Myc.  
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Figure 3.  A subset of RBPs that putatively bind to either pre-miR-19b or pre-miR-
92 are transcriptionally regulated by c-Myc.  A.  c-Myc regulates the expression of 
HNRNPU, HNRNPK, EIF2S1, HNRNPD, HNRNPA3, and STAU2 in human B-cells.  
P493-6 cells cultured with/without for doxycycline for 72h were subjected to real-time 
PCR to measure expression.  Experiment was conducted twice with similar results.  B.  
c-Myc regulates the expression of Hnrnpu, Hnrnpk, Eif2s1, Hnrnpd, Hnrnpa3, Stau2, 
and Srsf3.  As compared to normal B-cells, activation of c-Myc in Eµ-myc/+ tumors is 
correlated with a modest increase in the expression of our seven candidate RBPs. B-
cells obtained from wild-type spleens were purified by negative selection and then 
compared to Eµ-myc/+ tumors cells by real-time PCR.  Results shown for one of two 
Eµ-myc/+ cell lines that have increased miR-19:miR-92 ratio.  C, D.  Expression of 
CDK4 is positively correlated with expression of HNRNPU, HNRNPK, HNRNPD, and 
SRSF3 in a panel of human B-cell tumors.  B-cell tumors were subjected to real time 
PCR to measure expression. Error bars in A and B indicate standard deviation. Pearson 
correlation calculated p-values in C, *p<0.05; **p<0.01, ***p<0.001.  
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Figure 4. Hnrnpu is required to maintain elevated levels of mature miR-19 (miR-
19a and miR-19b) in Eµ-myc/+ tumors.  
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Figure 4. Hnrnpu is required to maintain elevated levels of mature miR-19 (miR-
19a and miR-19b) in Eµ-myc/+ tumors.  A.  Knockdown of Hnrnpu results in reduced 
levels of mature miR-19.  Eµ-myc/+ tumor lines were infected with lentivirus to express 
short-hairpins that target Hnrnpu. Cells were subjected to real-time PCR in order to 
measure Hnrnpu expression, and Taqman miRNA assays in order to measure miRNA 
expression. Results shown for one of two Eµ-myc/+ tumor lines.  Similar results were 
obtained in both lines.  
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Figure 5. HNRNPU associates with mir-19b.  
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Figure 5. HNRNPU associates with mir-19b.  A.  mir-19b is the most highly 
represented HNRNPU-bound miRNA.  Previously published HNRNPU CLIP-Seq data 
was analyzed using miRDeep2 to identify miRNAs that are bound to HNRNPU.  Among 
high-confidence miRNAs, as designated by miRBase, miR-19b is the most highly 
represented, comprising 30% of all miRNA-mapped reads.  B.  Distribution of HNRNPU 
CLIP-Seq reads that map to miR-19b.  The primary sequence, predicted folding, and 
mutations (capitalized) that prominently occur in the terminal loop. C, D.  miR-18 is the 
most highly represented among HNRNPA1-bound miRNAs.  
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Table 1.  Primer sequences used to generate pLKO.1 lentiviral short hairpin 
constructs. 

Table 1.  Primer sequences used to generate pLKO.1 lentiviral short hairpin 
constructs. 

Short Hairpin F
R Sequence 

shHNRNPU-1 F CCGGCGATAAGAGAATGTGTCAGTACTCGAGTACTGACAC
ATTCTCTTATCGTTTTTG 

shHNRNPU-1 R AATTCAAAAACGATAAGAGAATGTGTCAGTACTCGAGTACT
GACACATTCTCTTATCG 

shHNRNPU-2 F CCGGAGATCATGGCCGAGGGTATTTCTCGAGAAATACCCT
CGGCCATGATCTTTTTTG 

shHNRNPU-2 R AATTCAAAAAAGATCATGGCCGAGGGTATTTCTCGAGAAAT
ACCCTCGGCCATGATCT 

shHNRNPU-3 F CCGGCCTGGGAAATACAACATTCTTCTCGAGAAGAATGTT
GTATTTCCCAGGTTTTTG 

shHNRNPU-3 R AATTCAAAAACCTGGGAAATACAACATTCTTCTCGAGAAGA
ATGTTGTATTTCCCAGG 

shHNRNPU-4 F CCGGGGGAATCGTGGTGGATATAATCTCGAGATTATATCC
ACCACGATTCCCTTTTTG 

shHNRNPU-4 R AATTCAAAAAGGGAATCGTGGTGGATATAATCTCGAGATTA
TATCCACCACGATTCCC 

shHNRNPU-5 F CCGGTGCCCGTAAGAAGCGAAATTTCTCGAGAAATTTCGC
TTCTTACGGGCATTTTTG 

shHNRNPU-5 R AATTCAAAAATGCCCGTAAGAAGCGAAATTTCTCGAGAAAT
TTCGCTTCTTACGGGCA 

shHNRNPK-1 F CCGGAGATTTGGCTGGATCTATTATCTCGAGATAATAGATC
CAGCCAAATCTTTTTTG 

shHNRNPK-1 R AATTCAAAAAAGATTTGGCTGGATCTATTATCTCGAGATAAT
AGATCCAGCCAAATCT 

shHNRNPK-2 F CCGGAGGAGGAATAATTGGTGTTAACTCGAGTTAACACCA
ATTATTCCTCCTTTTTTG 

shHNRNPK-2 R AATTCAAAAAAGGAGGAATAATTGGTGTTAACTCGAGTTAA
CACCAATTATTCCTCCT 

shHNRNPK-3 F CCGGCCAAAGATTTGGCTGGATCTACTCGAGTAGATCCAG
CCAAATCTTTGGTTTTTG 

shHNRNPK-3 R AATTCAAAAACCAAAGATTTGGCTGGATCTACTCGAGTAGA
TCCAGCCAAATCTTTGG 

shHNRNPK-4 F CCGGTGCCAGTGTTTCAGTCCCAGACTCGAGTCTGGGACT
GAAACACTGGCATTTTTG 

shHNRNPK-4 R AATTCAAAAATGCCAGTGTTTCAGTCCCAGACTCGAGTCTG
GGACTGAAACACTGGCA 

shHNRNPK-5 F CCGGGCCAGTGTTTCAGTCCCAGACCTCGAGGTCTGGGA
CTGAAACACTGGCTTTTTG 
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shHNRNPK-5 R AATTCAAAAAGCCAGTGTTTCAGTCCCAGACCTCGAGGTCT
GGGACTGAAACACTGGC 

shEIF2S1-1 F CCGGCCCATCTATCTTGGATAGTTTCTCGAGAAACTATCCA
AGATAGATGGGTTTTTG 

shEIF2S1-1 R AATTCAAAAACCCATCTATCTTGGATAGTTTCTCGAGAAAC
TATCCAAGATAGATGGG 

shEIF2S1-2 F CCGGCCCATCTATCTTGGATAGTTTCTCGAGAAACTATCCA
AGATAGATGGGTTTTTG 

shEIF2S1-2 R AATTCAAAAACCCATCTATCTTGGATAGTTTCTCGAGAAAC
TATCCAAGATAGATGGG 

shEIF2S1-3 F CCGGGCAATCAAATGTGAGGACAAACTCGAGTTTGTCCTC
ACATTTGATTGCTTTTTG 

shEIF2S1-3 R AATTCAAAAAGCAATCAAATGTGAGGACAAACTCGAGTTTG
TCCTCACATTTGATTGC 

shEIF2S1-4 F CCGGGCAGTCTCAGACCCATCTATTCTCGAGAATAGATGG
GTCTGAGACTGCTTTTTG 

shEIF2S1-4 R AATTCAAAAAGCAGTCTCAGACCCATCTATTCTCGAGAATA
GATGGGTCTGAGACTGC 

shEIF2S1-5 F CCGGGCAGTCTCAGACCCATCTATTCTCGAGAATAGATGG
GTCTGAGACTGCTTTTTG 

shEIF2S1-5 R AATTCAAAAAGCAGTCTCAGACCCATCTATTCTCGAGAATA
GATGGGTCTGAGACTGC 

shHNRNPD-1 F CCGGACTATGGATATGGTGATTATACTCGAGTATAATCACC
ATATCCATAGTTTTTTG 

shHNRNPD-1 R AATTCAAAAAACTATGGATATGGTGATTATACTCGAGTATAA
TCACCATATCCATAGT 

shHNRNPD-2 F CCGGCACAATGTTGGTCTTAGTAAACTCGAGTTTACTAAGA
CCAACATTGTGTTTTTG 

shHNRNPD-2 R AATTCAAAAACACAATGTTGGTCTTAGTAAACTCGAGTTTA
CTAAGACCAACATTGTG 

shHNRNPD-3 F CCGGAGGATATGACTACACTGGTTACTCGAGTAACCAGTG
TAGTCATATCCTTTTTTG 

shHNRNPD-3 R AATTCAAAAAAGGATATGACTACACTGGTTACTCGAGTAAC
CAGTGTAGTCATATCCT 

shHNRNPD-4 F CCGGAGTAAGAACGAGGAGGATGAACTCGAGTTCATCCTC
CTCGTTCTTACTTTTTTG 

shHNRNPD-4 R AATTCAAAAAAGTAAGAACGAGGAGGATGAACTCGAGTTC
ATCCTCCTCGTTCTTACT 

shHNRNPD-5 F CCGGAGTAAGAACGAGGAGGATGAACTCGAGTTCATCCTC
CTCGTTCTTACTTTTTTG 

shHNRNPD-5 R AATTCAAAAAAGTAAGAACGAGGAGGATGAACTCGAGTTC
ATCCTCCTCGTTCTTACT 

shHNRNPA3-1 F CCGGGCCTGTATGATAACTCAAGTTCTCGAGAACTTGAGTT
ATCATACAGGCTTTTTG 

shHNRNPA3-1 R AATTCAAAAAGCCTGTATGATAACTCAAGTTCTCGAGAACT
TGAGTTATCATACAGGC 
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shHNRNPA3-2 F CCGGGTTACAATGAAGGAGGAAATTCTCGAGAATTTCCTC
CTTCATTGTAACTTTTTG 

shHNRNPA3-2 R AATTCAAAAAGTTACAATGAAGGAGGAAATTCTCGAGAATT
TCCTCCTTCATTGTAAC 

shHNRNPA3-3 F CCGGCCACACTATTAATGGGCATAACTCGAGTTATGCCCA
TTAATAGTGTGGTTTTTG 

shHNRNPA3-3 R AATTCAAAAACCACACTATTAATGGGCATAACTCGAGTTAT
GCCCATTAATAGTGTGG 

shHNRNPA3-4 F CCGGGATGGTGGATATAATGGATTTCTCGAGAAATCCATTA
TATCCACCATCTTTTTG 

shHNRNPA3-4 R AATTCAAAAAGATGGTGGATATAATGGATTTCTCGAGAAAT
CCATTATATCCACCATC 

shHNRNPA3-5 F CCGGTATAATGGATTTGGAGGTGATCTCGAGATCACCTCC
AAATCCATTATATTTTTG 

shHNRNPA3-5 R AATTCAAAAATATAATGGATTTGGAGGTGATCTCGAGATCA
CCTCCAAATCCATTATA 

shSTAU2-1 F CCGGCCAACCTTCAAGCTCTTTCTTCTCGAGAAGAAAGAG
CTTGAAGGTTGGTTTTTG 

shSTAU2-1 R AATTCAAAAACCAACCTTCAAGCTCTTTCTTCTCGAGAAGA
AAGAGCTTGAAGGTTGG 

shSTAU2-2 F CCGGCCAACCTTCAAGCTCTTTCTTCTCGAGAAGAAAGAG
CTTGAAGGTTGGTTTTTG 

shSTAU2-2 R AATTCAAAAACCAACCTTCAAGCTCTTTCTTCTCGAGAAGA
AAGAGCTTGAAGGTTGG 

shSTAU2-3 F CCGGGCCAGGGAACTCCTTATGAATCTCGAGATTCATAAG
GAGTTCCCTGGCTTTTTG 

shSTAU2-3 R AATTCAAAAAGCCAGGGAACTCCTTATGAATCTCGAGATTC
ATAAGGAGTTCCCTGGC 

shSTAU2-4 F CCGGGCTTCCCAAACCAGTTCAGAACTCGAGTTCTGAACT
GGTTTGGGAAGCTTTTTG 

shSTAU2-4 R AATTCAAAAAGCTTCCCAAACCAGTTCAGAACTCGAGTTCT
GAACTGGTTTGGGAAGC 

shSTAU2-5 F CCGGCCCAAAGATATGAACCAACCTCTCGAGAGGTTGGTT
CATATCTTTGGGTTTTTG 

shSTAU2-5 R AATTCAAAAACCCAAAGATATGAACCAACCTCTCGAGAGGT
TGGTTCATATCTTTGGG 

shSRSF3-1 F CCGGATCATAAGAGGCACGTGATATCTCGAGATATCACGT
GCCTCTTATGATTTTTTG 

shSRSF3-1 R AATTCAAAAAATCATAAGAGGCACGTGATATCTCGAGATAT
CACGTGCCTCTTATGAT 

shSRSF3-2 F CCGGATGGAAACAAGACTGAATTAGCTCGAGCTAATTCAG
TCTTGTTTCCATTTTTTG 

shSRSF3-2 R AATTCAAAAAATGGAAACAAGACTGAATTAGCTCGAGCTAA
TTCAGTCTTGTTTCCAT 

shSRSF3-3 F CCGGCGTAGCCGATCTAGGTCAAATCTCGAGATTTGACCT
AGATCGGCTACGTTTTTG 
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shSRSF3-3 R AATTCAAAAACGTAGCCGATCTAGGTCAAATCTCGAGATTT
GACCTAGATCGGCTACG 

shSRSF3-4 F CCGGTGGAACTGTCGAATGGTGAAACTCGAGTTTCACCAT
TCGACAGTTCCATTTTTG 

shSRSF3-4 R AATTCAAAAATGGAACTGTCGAATGGTGAAACTCGAGTTTC
ACCATTCGACAGTTCCA 

shSRSF3-5 F CCGGTGGAACTGTCGAATGGTGAAACTCGAGTTTCACCAT
TCGACAGTTCCATTTTTG 

shSRSF3- R AATTCAAAAATGGAACTGTCGAATGGTGAAACTCGAGTTTC
ACCATTCGACAGTTCCA 
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Table 2. Primer sequences used for hybridization in miRNA northern blots. 

Table 2. Primer sequences used for hybridization in miRNA northern blots. 
miRNA Sequence 
miR-19a 5’-TCAGTTTTGCATAGATTTGCACA-3’ 
miR-19b 5’-TCAGTTTTGCATGGATTTGCACA-3’ 
miR-92a 5’-CAGGCCGGGACAAGTGCAATA-3’ 
U6 5’-GCTTCACGAATTTGCGTGTCATCCT-3’ 
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Table 3. Primer sequences used in real-time qPCR. 

Table 3. Primer sequences used in real-time qPCR. 
Gene F/R Sequence 
Hnrnpu F AGCCAAGTCTCCTCAGCCAC 
Hnrnpu R AGGGAAGAAGCACTCAGACGG 
HNRNPU F TGCAGCTGAAAACCCTGGGA 
HNRNPU R AACTTGCCAAGACACTGTGGG 
Hnrnpk F GGGACGGCAAAACAGAACAGA 
Hnrnpk R TTCAACAGGTGGCTGAGGAGA 
HNRNPK F TACCCTCGTGCCCCTGTTTT 
HNRNPK R AGCCACGATTGTTTCCTCGTC 
Eif2s1 F CAGTTGCCATCACCCACTG 
Eif2s1 R AACACCAATTATTCCTCCTGCC 
EIF2S1 F AGGAAGTGACTTTGATTGCGAG 
EIF2S1 R TGTCAGTAGAGTGAGGGCAG 
Hnrnpd F CAGTTGCCATCACCCACTG 
Hnrnpd R GACCCCAATAATTCCTCCTGC 
HNRNPD F CAGTTGCCATCACCCACTG 
HNRNPD R ATGCACTCTACAACCCTATCG 
Hnrnpa3 F GGATACGGTGCCTACGATGCT 
Hnrnpa3 R GCTCGAATTTTGACCGCTTGTGG 
HNRNPA3 F ATCAATAGGCGTTTGACCCCACAAGC 
HNRNPA3 R TCTGTAGAACAATTCAAACCTGCCCTC 
Stau2 F GACCTGGATATGGTGCCTATGATGC 
Stau2 R TGCTCGAATTTTGACAGCCTGTGGG 
STAU2 F TGATGCTGTAAAAGAAGCCCTAAGAGC 
STAU2 R AGGCCTTCTGTTCTCTCCAGGGT 
Srsf3 F AGGAGGGTTTGCAGGCAGAGCT 
Srsf3 R CCTCCATAACCTCCGTAACCTTGGC 
SRSF3 F ACAGCCAAGGTTACGGAGGTTATGG 
SRSF3 R TTTTGATGTCCACCTCGCCTGG 
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Conclusions 

In this dissertation we have used the prototypical oncogenic mir-17-92 cluster to 
demonstrate dysregulation of miRNA abundance, functional consequence of aberrant 
miRNA expression, and distinct regulation within a miRNA polycistron.  Furthermore, we 
have identified an RBP as a possible determinant of specificity for distinctly altering the 
abundance of one miRNA in mir-17-92.  These studies add to our understanding of how 
individual miRNAs within a single cluster may act as antagonists, as well as how these 
antagonistic interactions are regulated.  In light of the numerous studies that suggest 
miRNA dysregulation is associated with cancer and other human diseases, 
characterizing factors that regulate the abundance of miRNAs will yield valuable insights 
toward our understanding of both how mRNA function is perturbed, and possibly how to 
resolve these defects.  
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