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Abstract

By using chronic lymphocytic leukemia as target for discovery in cancer pathogenesis we 

discovered that the great majority of CLLs (75-85%) carry a deletion of miR-15a and miR-16-1 at 

13q14. We also discovered that miR-15/16 are negative regulators of the BCL2 oncogene. Thus 

the loss of the two negative regulators causes BCL2 overexpression and leukemia. A corollary of 

this is that CLL is very sensitive to the anti BCL2 drug venetoclax that can induce complete 

remission in CLL patients. Since leukemia patients may carry billions of leukemia cells, it is quite 

likely that some (few) of the leukemic cells are resistant to venetoclax. Thus, since microRNAs 

have multiple targets, we looked for other proteins that may be overexpressed in CLL because of 

the low of miR-15/16. We discovered that ROR1 an embryonal antigen expressed on most (~ 90%) 

CLL, but not on normal B cell, is also regulated by miR-15/16. Thus CLL cells are also sensitive 

to monoclonal antibodies against ROR1. Venetoclax and monoclonal antibodies against ROR1 act 

synergistically in killing CLL cells.
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Chronic lymphocytic leukemia (CLL) is the most common leukemia in humans. Quite often 

CLL patients can live normally showing mild symptoms and do not need treatment for a 

number of years (Sgambati et al., 2001). CLL is a complex disease in which a rare 

population of CD5 positive B-cells is expanded (Bullrich and Croce, 2001; Sgambati et al., 

2001). Most often CLL patients with high expression of ZAP-70 (Zeta-chain-associated 

protein kinase 70) and unmutated IgH VH gene show a clinically aggressive disease, while 

patients expressing low levels of ZAP-70 and mutated IgH VH do not need immediate 

treatment (Bullrich and Croce, 2001; Sgambati et al., 2001). The common chromosomal 

aberrations in CLL cells include deletions at 11q (18%), 17p (8%), 13q (60%), and trisomy 

12 (12%−16%) (Dohner et al., 2000; Edelmann et al., 2012).
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Multiple publications showed that 17p deletions result in inactivation of TP53 and miR-3676 
- miR-4521 cluster (miR-3676 targets TCL1 an import and driver in aggressive CLL) 

(Balatti et al., 2015; Palamarchuk et al., 2012); trisomy 12 CLLs are associated with 

NOTCH1 (Notch homolog 1, translocation-associated (Drosophila)) gain of function 

mutations (Balatti et al., 2012); while ATM (ataxia-telangiectasia mutated) gene may be 

inactivated by 11q deletions (Bullrich et al., 1999). Interestingly, CLL patients with 11q and 

17p deletions usually require immediate treatment while patients with 13q deletions often 

have indolent disease (Dohner et al., 2000).

The discovery of miR-15/16 as a target of 13q deletions in CLL and role its role in targeting 

BCL2 were reviewed multiple times. Briefly, in 2000-2002 we thought that 13q14 region 

deleted in most CLLs contains an important tumor suppressor gene. Despite the extensive 

effort by us and several other laboratories no protein coding gene inactivated in CLL was 

found (Bullrich et al., 2001; Mertens et al., 2002; Migliazza et al., 2001; Rondeau et al., 

2001). At that time we identified several interesting CLL cases, one with a small 30 kb 

deletion, and another one with a translocation within this deletion. At that time since 

genomic databases were frequently updated and using one of these and we determined that a 

cluster of two microRNA genes, miR-15a and miR-16-1, was located in the 30 kb region 

(Calin et al., 2002), and miR-15/16 cluster was the only gene in that region. Subsequent 

studies revealed that miR-15/16 was the target of 13q deletions in CLL and that was the first 

example that a microRNA gene was involved in cancer (Calin et al., 2002).

Since miR-15/16 is a target of 13q14 deletions we thought that miR-15/16 could target 

important oncogene(s) in B-cells. We searched available databases and identified predicted 

miR-15/16 targets. One of the top predicted targets was BCL2, a critical oncogene 

overexpressed in most CLL cases (Cimmino et al., 2005). BCL2 has a very important role in 

the pathogenesis of solid cancers as well as lymphoid malignancies. Located mostly in 

mitochondria, BCL2 protein indices survival and decreases cell death by inhibiting the 

release of Cytochrome C into the cytoplasm (Grabow et al., 2012; Sanchez-Beato et al., 

2003). By analyzing homology between miR-15/16 and the BCL2 mRNA we found that 

both miR-15 and miR-16 potentially target bases 3287 to 3279 in the 3’end of the BCL2 
cDNA (Cimmino et al., 2005). By studying the expression levels of miR-15, miR-16 and 

BCL2 in CLL we found that expression of miR-15/16 was lowest in the samples expressing 

high levels of BCL2; and expression of miR-15/16 was highest in the samples expressing 

low levels of BCL2. We then confirmed that miR-15/16 directly targeted BCL2 by 

experiments and concluded that BCL2 overexpression in CLL is due the loss of miR-15/16 
(Cimmino et al., 2005).

MicroRNAs can not be easily delivered into cancer cells, thus, at least at this time 

miR-15/16 is not suitable to use as a CLL drug. On the other hand, BCL2 is highly 

expressed in almost all CLL cells and thus represents a good target to develop anti cancer 

drugs. Recently, Abbott was able to develop a drug, an inhibitor of Bcl2 (Souers et al., 

2013). Venetoclax (also called ABT-199) targets Bcl2 by inhibiting its protein-protein 

interactions. Venetoclax was used to treat previously treated relapsed patients showing 17p 

deletions, and even in these difficult to treat cases venetoclax had of 80% response rate 

(Croce and Reed, 2016).
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ROR1, a new miR-15/16 target.

Dr. Kipps laboratory has discovered the receptor kinase like orphan receptor 1 (ROR1) and 

found that is an oncoembryonic antigen found on most CLL B-cells (approximately in 90% 

of CLL patients) and not on normal B-cells or normal adult tissues, except a small subgroup 

of B-cell precursors named hematogones (Baskar et al., 2008; Broome et al., 2011). 

Additionally, antibodies targeting ROR1 can inhibit ROR1 induced cell growth in cells 

expressing both ROR1 and Tcl1, such as human aggressive CLL (Widhopf et al., 2014). We 

analyzed the 3’ untranslated region (UTR) of the ROR1 gene with bioinformatic tools and 

found that ROR1 is a predicted target of miR-15/16. Thus, we carried out luciferase 

experiments and proved that miR-15/16 target the 3’ UTR of ROR1 (Rassenti et al., 2017).

Since previous studies have shown that approximately 90% of CLL patients are positive for 

ROR1 (Fukuda et al., 2008), but approximately 10% have low-to-negligible levels of ROR1, 

we investigated a cohort of ROR1 low and ROR1 high for the expression of microRNAs 

(Rassenti et al., 2017). These experiments demonstrated that the expression of ROR1 is 

inversely correlated with the expression of miR-15a and miR-16-1. ROR1 high and low cells 

had a significant difference in expression of miR-15a and miR-16-1 (Rassenti et al., 2017). 

By Western blotting, we investigated a Burkitt lymphoma cell line that does not express 

BCL2 (Raji) and a T-cell leukemic cell line that expresses BCL2 (Jurkat), and a panel of 

CLL cells from patients for the expression of ROR1 and Bcl2. The ROR1 high CLL cells 

expressed high levels of Bcl2, while ROR1 negative cells expressed very low levels of Bcl2 

(Rassenti et al., 2017). At this point we quantitated the differentially expressed microRNA in 

the ROR1 low and high CLL samples shown a signature of 17 microRNAs can discriminate 

these two groups of CLL samples (Rassenti et al., 2017). The results of these experiments 

indicated that the determinants of the expression of ROR1 are miR-15a and miR-16-1. The 

miR-15/16 expression was low when ROR1 expression was high and miR-15/16 expression 

was high when ROR1 expression was low (Rassenti et al., 2017). At this point we wanted to 

establish the relationship between ROR1 and Bcl2 expressions and percentage of CLL B-

cells harboring a 13q14 deletion. We analyzed an additional cohort of 35 cases of CLL for 

Bcl2 expression and percentage of CLL cells carrying the 13q deletion by FISH analysis. 

Our results showed that samples with low expression of ROR1 had low expression of 

intracellular Bcl2 and an average percentage of CLL B-cells carrying in 13q deletion of 

22%; while CLL cases with high expression of ROR1 had higher expression of Bcl2 and had 

an average % of CLL B-cells with a 13q deletion of 55% (Rassenti et al., 2017).

The discovery that miR-15/16 target ROR1, in addition to BCL2, may initiate the 

development of new combination therapy by targeting the same leukemia cells through 

different biological pathways. Since normal adult tissues generally lack expression of ROR1 

and only leukemia cells are express high levels of ROR1, due of the loss of the miR-15/16 
expression, single agent treatment with anti-ROR1 monoclonal antibodies should not have 

negative side effects, and should target only the leukemia cells of most CLL patients. 

However, it is possible that some rare CLL cells may escape the drug effect due to loss or 

modulation of the expression of ROR1. Thus, a combination therapy with Venetoclax and 

anti-ROR1 antibodies (cirmtuzumab) should be able to eradicate CLL cells even in case of 
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selection of a clone mutated for one of the targets that would lead to resistance to one of the 

two drugs (Rassenti et al., 2017).

Since loss of miR-15/16 is an initial event in CLL pathogenesis causing overexpression of 

Bcl2 and ROR1, we hypothesized that combination therapy with molecules targeting each of 

these proteins would have synergistic effect. To investigate if cirmtuzumab can kill CLL 

cells, we analyzed viability of CLL cells. We carried out these experimants with and without 

venetoclax to evaluate for the synergic activity of venetoclax and cirmtuzumab CLL cells 

expressing high levels of ROR1. After 16 hours of treatment, the combination of venetoclax 

and cirmtuzumab was significantly more cytotoxic than treatment with venetoclax alone, 

cirmtuzumab alone or in combination with control human antibody (Rassenti et al., 2017). 

At 16 hours of treatment cirmtuzumab alone did not significantly affect CLL cells viability. 

Treatment with venetoclax alone resulted in about 50% of cell death, while addition of 

cirmtuzumab resulted in about 75% of cell death, suggesting that venetoclax and 

cirmtuzumab have a synergic effect (Rassenti et al., 2017).

MiR-15/16 deletion causes leukemia in mice.

Tumor suppressor function of any coding or noncoding gene is never fully evidenced until 

their deletion in mice results in a tumor phenotype. To prove that miR-15/16 is bona fide 
tumor suppressor Klein at al in 2010 inactivated miR-15/16 in mice (Klein et al., 2010). 

They generated two knockout alleles: one of the alleles had small deletion of miR-15/16 
only; another allele was called MDR (minimal deleted region) had miR-15/16 and the 

neighboring Dleu2 gene deleted (Klein et al., 2010). Both mouse strains developed CLL like 

disease at the age of 18 months. Malignant B-cells were CD5, CD19 and IgM positive, and 

penetrance was ~25% for miR-15/16 knockouts and ~40% for MDR strain. Interestingly, the 

knockout of MDR allele had more severe phenotype then that of miR-15/16 only implying 

that additional regulatory elements in MDR may also contribute to CLL pathogenesis (Klein 

et al., 2010).

There are two miR-15/16 clusters in humans, miR-15a/16-1 and miR-15b/16-2. MiR-15/16 
and MDR mice described above were generated by deleting miR-15a/16-1 cluster. Very 

recently we generated a mouse expressing no miR-15/16 by crossing miR-15a/16-1 and 

miR-15b/16-2 knockouts (DKO) (Lovat et al., 2018). Northern Blot analysis confirmed 

complete absence of miR-15/16 expression in splenocytes of these mice. DKO mice showed 

a significant reduction of overall survival (65% at the age of 12 months). Additional 

examination determined that DKO mice developed ignificant splenomegaly (Lovat et al., 

2018). We then carried out histological analysis and to our surprise 77% of DKO mice 

developed a disease very similar to human AML while 23% developed B-cell malignancies. 

20% of DKO mice also developed extra-splenic AML related disease, which involved livers 

and lungs. Using flow cytometry analysis we were able to confirm AML phenotype. While 

CD11b/Gr1 double positive cells we 1% in spleens and 40% in bone marrow of control 

mice, DKO spleens contained 10-15% CD11b/Gr1 double positive cells while DKO bone 

marrow contained 60-70% such cells (Lovat et al., 2018).
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TsRNAs, a new class of small noncoding RNAs involved in CLL.

TCL1 (T-cell leukemia/lymphoma 1) oncogene is a critical gene in the pathogenesis of 

aggressive CLL. We and others previously showed that transgenic mice overexpressing 

TCL1 in B-cells develop the aggressive form of CLL (Allegra et al., 2014; Bichi et al., 2002; 

Yan et al., 2006). TCL1 overexpression transforms B-cells by activating Akt and inhibiting 

AP-1, Dnmt3A and Dnmt3B (Palamarchuk et al., 2012; Pekarsky et al., 2000; Pekarsky et 

al., 2008). While studying the regulation of TCL1 expression, we identified the microRNA 

cluster miR-4521/3676 and determined that miR-3676 is a powerful regulator of TCL1 
expression that targets three consecutive 28-bp repeats within the 3’ UTR of TCL1 (Balatti 

et al., 2015). Subsequently we were studying in detail the miR-4521/3676 cluster, because of 

its proximity to the TP53 gene (this region includes TP53 and miR-4521/3676 and is deleted 

in 7-10% of CLLs). We found that these two microRNAs are associated with tRNA 

sequences and represent a recently identified class of small noncoding RNAs, tsRNAs 

(Pekarsky et al., 2016). TsRNAs is a new class of small RNAs derived from tRNAs during 

tRNA processing (Haussecker et al., 2010). tRNAs are expressed from tRNA genes by RNA 

polymerase III. TsRNAs are molecules produced from the 3’ end of pre-tRNAs by 

endonuclease RNase Z, they are unique sequences starting at the 3’ ends of tRNAs and 

ending at the stop signal for RNA polymerase III (four consecutive T nucleotides) 

(Haussecker et al., 2010; Martens-Uzunova et al., 2013).

Since tsRNAs are physically similar to piRNAs (they are both single-stranded short RNAs 

containing no secondary structures), we investigated if the tsRNAs derived from this region 

(ts-3676 and ts-4521) can also function as piRNAs (Pekarsky et al., 2016). We carried out an 

RNA immunoprecipitation experiment and determined that ts-3676 and ts-4521 can bind 

PiwiL2. Indeed PiwiL2 complexes were enriched with ts-3676 and ts-4521 but not with 

control microRNAs. At the same time both, ts-3676 and ts-4521 and control microRNAs 

were present in Ago1 and Ago2 complexes as expected (Pekarsky et al., 2016). These results 

demonstrate that the miR-4521/3676 locus expresses two small RNAs, ts-3676 and ts-4521, 

which may function as microRNAs as well as piRNAs by binding to PiwiL2 (Pekarsky et 

al., 2016).

We then investigated expression of ts-3676 and ts-4521 in CLL and lung cancer. In CLL we 

found that ts-3676 and ts-4521 are down-regulated in all cytogenetic CLL groups (17p 

deleted, 11q deleted, 13q deleted and normal karyotype) (Pekarsky et al., 2016). To 

determine the expression of ts-3676 and ts-4521 in lung cancer, we used 17 lung cancer 

samples and matched normal lung tissues. Real-time RT-PCR experiments revealed a drastic 

down-regulation of ts-3676 and ts-4521 expression in lung cancer samples compared to 

matched normal lung controls. Sequencing analysis of ~500 CLL samples and ~300 lung 

cancer samples revealed that ts-3676 and ts-4521 are mutated in ~1% of CLLs and 2% of 

lung cancer samples (Pekarsky et al., 2016).

Thus, to our knowledge, we identified first two tsRNAs (produced from 3’ end of pre 

tRNAs) involved in cancer. Our data established that ts-3676 and ts-4521 do not originate 

from the processing that involves microRNAs (Drosha cleavage followed by Dicer 

cleavage), but derive from a Thr tRNA and a Ser tRNA respectively (Pekarsky et al., 2016). 
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Similarly to miR-15/16, the first two microRNAs found altered in cancer and inactivated in 

13q deleted CLL cases, ts-3676 and ts-4521 are inactivated in 17p deleted CLL cases 

(Balatti et al., 2015). While miR-15/16 target BCL2 and ROR1, critical genes in CLL 

pathogenesis, ts-3676 targets TCL1, an oncogene critical in aggressive CLL (Balatti et al., 

2015).

Since ts-3676 and ts-4521 are down-regulated in CLL and lung cancer, we decided to 

determine if other tsRNAs can be differentially expressed in cancer. We retrieved all tRNA 

sequences from genomic databases, generated a list of all tsRNAs by isolating unique 

sequences starting from the 3’ end of tRNAs and ending with the four-T RNA Polymerase 

III stop signal. Our list contained ~120 unique tsRNA sequences (Pekarsky et al., 2016). 

Using this list we designed a microarray chip with a goal of studying expression patterns of 

tsRNAs in a variety of tumor tissues and normal controls. First we studied tsRNA expression 

signatures in CLL. We selected 11 indolent CLL patient samples, 12 aggressive CLL patient 

samples and 8 normal controls and carried out a microarray experiment using a tsRNA chip 

we designed. We found that 15 tsRNAs were significantly up- or down-regulated in indolent 

CLL versus aggressive CLL comparison. In addition, nine tsRNAs were significantly 

differentially expressed in aggressive CLL compared normal controls; and that 10 tsRNAs 

were dysregulated in indolent CLL versus normal controls (Pekarsky et al., 2016). To 

investigate tsRNA are signatures in lung cancer, we carried out a similar experiment using 

seven lung cancer samples and five normal paired lung tissue samples. This resulted in the 

identification of six tsRNAs dysregulated in lung cancer samples versus normal lung tissues 

(Pekarsky et al., 2016). Interestingly, ts-46 and ts-47 were significantly down-regulated in 

lung cancer samples versus normal lung tissues, and in aggressive CLL when compared to 

normal controls. This indicates that ts-46 and ts-47 could potentially have tumor suppressor 

functions (Pekarsky et al., 2016). To confirm these observations in another study we showed 

that both, ts-46 and ts-47 suppress colonies formation is lung cancer cell lines (Balatti et al., 

2017). In a subsequent study we investigated 14 paired samples (tumor and normal 

surrounding tissue) from 7 colon adenoma patients and 16 paired samples (tumor and 

normal surrounding tissue) from 8 patients with colon adenocarcinoma. This resulted in a 

signature of 8 tsRNAs for colon adenoma and another signature of 7 tsRNAs for colon 

adenocarcinoma and a signature (Balatti et al., 2017). Interestingly ts-3676 and ts-4521 were 

inactivated in adenomas but not in adenocarcinomas. Both comparisons showed up- 

regulation of Ts-40 in colon cancer indicating possible oncogenic function for this tsRNA 

(Balatti et al., 2017). In another experiment we studied tsRNA signature in human 

lymphocytes with and without activation of c-MYC. Among 15 differentially expressed 

tsRNAs, ts-47 was the most down-regulated by c-MYC overexpression, indicating that c-
MYC may be responsible for don-regulation of ts-47 in CLL and lung cancer (Balatti et al., 

2017).
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Figure 1. MiR-15/16, BCL2 and ROR1 in CLL.
In normal B-cells miR-15/16 inhibit ROR1 and BCL2. In CLL cells miR-15/16 is deleted, 

ROR1 and BCL2 are overexpressed causing B-cell transformation.
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