
Using Functional Genomics to Overcome Therapeutic
Resistance in Hematological Malignancies

Francesca Alvarez-Calderon1,2, Mark A. Gregory3, and James DeGregori1,3,4,5

1Integrated Department of Immunology, University of Colorado – Anschutz Medical Campus,
Aurora CO and National Jewish Health, Denver CO
2Medical Scientist Training Program, University of Colorado – Anschutz Medical Campus, Aurora
CO and National Jewish Health, Denver CO
3Department of Biochemistry and Molecular Genetics, University of Colorado – Anschutz Medical
Campus, Aurora CO and National Jewish Health, Denver CO
4Department of Pediatrics, University of Colorado – Anschutz Medical Campus, Aurora CO and
National Jewish Health, Denver CO
5Program in Molecular Biology, University of Colorado – Anschutz Medical Campus, Aurora CO
and National Jewish Health, Denver CO

Abstract
Despite great advances in our understanding of the driving events involved in malignant
transformation, only a small number of oncogenic drivers have been targeted and translated into
tangible clinical benefit. Moreover, even when a targeted therapy can be shown to effectively
inhibit an oncogenic driver, leading to cancer remission, disease persistence and/or relapse is
typically inevitable. Reemergence of the cancer can result from either intrinsic or acquired
resistance mechanisms that result in failure to eliminate all cancer cells. Intrinsic mechanisms of
resistance include tumor heterogeneity and pathways that can compensate for the inhibition of the
oncogenic driver. Acquired resistance mechanisms include mutation of the oncogenic driver to
directly prevent drug-mediated inhibition and the activation of compensatory survival pathways.
RNA interference (RNAi)-based screening provides a powerful approach for the interrogation of
both intrinsic and acquired resistance mechanisms. The availability of short interfering (si)RNA
libraries targeting all human and mouse genes has made it possible to perform large-scale
unbiased screens to identify pathways that are specifically required in cancer cells of particular
genotypes or following particular treatments, facilitating the design of potential new therapeutic
strategies that may limit resistance mechanisms. In this review, we will discuss how RNAi screens
can be used to uncover critical growth and survival pathways and aid in the identification of novel
therapeutic targets for improved treatment of hematological malignancies.
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Introduction
Hematological malignancies comprise a broad spectrum of diseases involving multiple cell
types, broadly classified as leukemia, lymphoma or myeloma. More specifically, they are
classified by cell lineage, morphology, genotype/karyotype, and immunophenotype, as well
as by clinical features including tumor site (for a review on classification of hematological
malignancies, see [1–3]). The complexity of these diseases has limited the development of
targeted therapies for hematological malignancies. A few small molecule inhibitors and
specific monoclonal antibodies have demonstrated substantial clinical benefit, including
targeted small molecule inhibitors of BCR-ABL kinase activity for the treatment of BCR-
ABL+ leukemia [4–6], all-trans retinoic acid (ATRA) for the treatment of PML-RARα
expressing acute promyelocytic leukemia (APL) [7, 8], and antibodies targeting CD20 for
B-cell malignancies [9–11]. Still, in most cases, even when the driving oncogenic mutations
have been identified, targeted therapies have failed to live up to their anticipated potential.
Most hematologic malignancies are currently treated with non-targeted, highly cytotoxic
drugs, radiation and/or bone marrow transplantation. These non-targeted therapies are often
toxic, elicit incomplete responses, and may have severe long-term negative effects [12, 13].
In this review, we will discuss how RNAi screens can be utilized to identify novel targets for
the treatment of hematological malignancies, including the development of strategies that
target multiple pathways at once.

Why do most targeted therapies fail?
Current targeted therapies can provide a significant, although usually transient, clinical
response. These responses are often insufficient to completely eradicate tumor cells and
eventually the malignancy relapses. While the treatment of chronic myeloid leukemia
(CML) with BCR-ABL tyrosine kinase inhibitors, like imatinib mesylate, has revolutionized
CML therapy and can effectively control the disease in its chronic phase, most patients will
require lifetime therapy, as leukemia stem cells persist in most patients [14, 15]. A small
subset of patients that achieved sustained complete molecular responses (CMR) with
imatinib were able to remain in CMR after discontinuation of treatment, which suggests that
for at least the best responders, there is hope that imatinib might be safely discontinued [16].
In most patients that relapsed after imatinib discontinuation, relapse occurred within 3
months, which suggests that there is rapid expansion of a small number of residual leukemic
cells. Moreover, advanced BCR-ABL+ leukemias, such as CML in blast crisis phase and
BCR-ABL+ acute lymphoblastic leukemias (ALL), exhibit only transient responses to BCR-
ABL inhibitors, and disease relapse is likely even if therapy is maintained [17]. Still, the
addition of BCR-ABL tyrosine kinase inhibitors to traditional conventional
chemotherapeutic regiments, have improved the outcomes for childhood BCR-ABL+ B-cell
ALL dramatically [18]. In some ways, chronic phase CML, which can be effectively
controlled by imatinib in more than 80% of patients, is the exception in its response to
targeted therapy, and this disease is better characterized as a myeloproliferative disorder
(driven largely by BCR-ABL without other apparent oncogenic mutations [19]) rather than a
true leukemia. In contrast, the more advanced CMLs and BCR-ABL+ ALLs show numerous
additional genetic changes beyond the BCR-ABL translocation [19], typical of most
hematologic malignancies and other cancers.

Numerous mechanisms of drug resistance have been identified and classified as either
intrinsic or acquired resistance (Figure 1). Intrinsic resistance refers to a cell property innate
to a cancer cell and present in the bulk of the cancer population prior to therapy that prevents
an optimal response. Acquired resistance refers to a cell property that is gained (or selected
for) during therapy and leads to the loss of a clinical response. Several mechanisms of
intrinsic resistance in hematologic malignancies have been identified including those that
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mediate cell quiescence [20–22]; downregulation or increased instability of pro-apoptotic
signals including BCL2-associated X protein (BAX) [23]; overexpression of anti-apoptotic
signals including BCL2 family members [24–27]; mechanisms that regulate cell adhesion-
mediated resistance including upregulation of integrins and chemokines on the cell surface
[28–31]; and mechanisms that promote autophagy [32, 33]. In addition, intrinsic resistance
can represent a characteristic of the leukemia hierarchy, with the leukemia stem cells
exhibiting resistance to therapies like imatinib, due to stem cell-like characteristics of
quiescence and high drug-efflux pump activity [14, 34]. Moreover, a subset of cancer cells
appear to reside in a reversible, epigenetic drug-tolerant state, providing protection from
both conventional and targeted therapies, which can be reversed by manipulating chromatin-
modifying enzymes [35]. Although this observation has not yet been extended to
hematological malignancies, DNA methyltransferase inhibitors have been successfully
utilized for the treatment of myelodysplastic syndromes for which they received FDA
approval and are currently in clinical trials for the treatment of several types of leukemia,
lymphoma and other solid malignancies [36–40].

Acquired resistance mechanisms have been associated with amplification or mutations of the
gene encoding the targeted protein, amplification of other genes leading to activation of
compensatory pathways, increased expression of cellular efflux pumps, and activation of
redundant pathways or “oncogenic bypass” [41–46]. In addition, acquired resistance can be
mediated by expression of binding partners that sequester the drug or upregulation of
enzymes that accelerate the metabolism of the drug in vivo [47–49]. A common cause of
acquired resistance to BCR-ABL inhibitors involves mutations in the tyrosine kinase domain
(TKD) of BCR-ABL that prevent drug binding [50–54] or expansion of clones that pre-
existed therapy harboring mutations in the kinase domain that become dominant upon
relapse [55–59]. Soverini et al. [59] found that the majority of the BCR-ABL mutations
detected at diagnosis are not associated with resistance or relapse upon BCR-ABL inhibitor
therapy, which suggests that most of these mutations do not provide a survival advantage
and are most likely eliminated during therapy. Importantly, they found that detection of
known BCR-ABL resistance mutations at diagnosis usually, but not always, preclude a
primary response. Similar mechanisms of acquired resistance involving TKD mutations
have been identified in fms-like tyrosine kinase receptor-3 (FLT3) in acute myeloid
leukemia (AML) treated with FLT3 inhibitors [60, 61]. Mutations in transcriptional co-
activators, transcription factors and histone genes that are present at diagnosis or acquired at
relapse have been shown to mediate acquired resistance in ALL [62]. When the cause
underlying the acquired resistance is unknown and not caused by mutation/amplification of
the target gene or other commonly implicated partners, functional genomics may be utilized
to elucidate the culprit (Figure 1).

The failure of targeted therapies to lead to stable remissions is of course not limited to
hematologic malignancies. While targeted inhibition of the epidermal growth factor receptor
(EGFR) has shown benefit in patients with non-small cell lung cancer (NSCLC) bearing
activating EGFR mutations, these therapies rarely result in long-term control of cancer
burden. At least two factors may contribute to the inability of EGFR inhibitors to better
control lung cancers [63, 64], and analogous factors likely contribute to targeted therapy
failures for hematological malignancies. First, these cancer cells may not be sufficiently
dependent on EGFR-mediated signaling for their survival and/or proliferation. While this is
certainly the case for lung cancers without activation or gene amplification of EGFR, even
cancers with these activating events appear to possess intrinsic compensatory survival
pathways that can mediate partial cancer maintenance, preventing complete responses and
leading to progression of disease. Second, while many cancers develop mutations in the
kinase domain of EGFR that confer resistance to EGFR small molecule inhibitors [65, 66],
acquired activation of alternative signaling pathways is frequent [64, 67]. For example,
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amplification of MET is a common cause of resistance to the EGFR inhibitors erlotinib and
gefitinib in lung cancer [68–70]. Evidence from multiple biopsies along the course of
targeted therapies in lung cancer suggests dynamic phenotypic and genotypic changes that
evolve under the selective pressures of targeted therapy [66], and this is a likely
consequence of intratumoral heterogeneity that exists prior to therapy (discussed in more
detail below).

As a similar example, while BRAF kinase inhibitors lead to dramatic remissions for patients
with melanomas bearing activating BRAF mutations (V600E), disease relapse is inevitable
[71]. Melanomas escape inhibition of BRAF via upregulation of alternative pathways
including upregulation of PDGFRβ receptor tyrosine kinase, N-RAS mediated reactivation
of the MAPK pathway or activation mutations in MEK1 downstream of BRAF [72, 73].
Other mechanisms of acquired resistance have been described that are specific to epithelial
cancers, including epithelial-to-mesenchymal transition, but these are beyond the scope of
this review [66, 74]. Intrinsic signaling complexity, microenvironmental factors, and the
mutational activation of multiple survival/proliferation pathways in advanced cancers likely
reduces dependence on a single activated kinase, at least in a significant enough fraction of
the tumor to prevent durable responses. The failure of kinase inhibitor therapies to better
control advanced cancers upfront likely contributes to selection for drug tolerant cells by
providing a larger pool of cancer cells from which to select for resistance. As many cancers
are typically diagnosed at advanced phases and appear to possess inherent or acquired
survival mechanisms that can protect the cells from inhibition of an oncogenic driver, the
discovery of pathways that mediate these compensatory survival mechanisms may reveal
novel therapeutic targets that could render oncogene inhibition more effective (Figure 1).

Tumor heterogeneity as a barrier to cancer therapy
It has long been appreciated that cancers are genetically complex diseases, however, only
recently has there been a true appreciation of intratumoral genetic heterogeneity [75–77]. A
recent study of renal cell carcinoma has revealed that only one third of mutations are
uniformly detected throughout various regions of the same tumor [77]. A further example of
intratumoral genetic heterogeneity is provided by glioblastomas, which display evidence of
amplification of up to three different receptor tyrosine kinases in different tumor cell
subclones in a mutually exclusive fashion [78]. Such genetic heterogeneity is likely present
in almost all tumor types, and could represent a major obstacle for targeted therapeutic
strategies [79]. Tumors are well known to be associated with frequent chromosomal
rearrangements and a substantial mutational load, with the majority of these mutations
thought to be “passengers” as opposed to oncogenic drivers. As the mechanisms of
resistance to targeted therapies have become clearer, it is now even more apparent that
individual tumors likely contain multiple genetically distinct clones that rely on differing
oncogenic driver mutations for their survival and progression, and this heterogeneity may
preclude the long-term efficacy of targeted therapies directed toward individual oncogenic
drivers. An example of this phenomenon is provided by patients with activating mutations in
EGFR who show a significant clinical response to EGFR-targeted therapies (i.e. the EGFR
kinase inhibitors gefitinib and erlotinib), but they rapidly relapse with tumors displaying
amplification of MET [68]. While initial hypotheses may have considered that such
mutational events are newly acquired during the course of therapy, another interpretation is
that MET-amplified EGFR-independent clones existed prior to EGFR-targeted therapy and
facilitated relapse. Indeed, Turke et al. identified subpopulations of tumor cells with MET
amplification in EGFR mutant NSCLC patient samples prior to EGFR therapy and provide
evidence for clonal selection of these cells upon therapy relapse [70]. Although extensive
studies examining target-independent mechanisms of targeted therapy resistance are not yet
prevalent, intratumoral genetic heterogeneity is likely to be a common determinant of
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therapy resistance in most, if not almost all, tumor types. For example, amplification of c-
KIT was recently observed as a mechanism of resistance in ALK-rearranged lung cancers
treated with the ALK kinase inhibitor crizotinib [80]. Furthermore, Doebele et al. have
shown that resistance to crizotinib therapy in ALK+ NSCLC can be associated with
mutations in either KRAS or EGFR without evidence of persistent ALK rearrangement,
suggesting that such mutations existed, independently of ALK mutation, prior to and were
selected for during crizotinib therapy [81]. The implications of such tumor heterogeneity for
targeted therapy are important: successful therapeutic strategies may need to rely on
combination therapies that target multiple oncogenes. In other words, differing clones within
an individual tumor may have differing oncogenic “addictions” and targeting all of these
might be necessary to effectively eradicate most or all tumor cells and lead to truly durable
remissions.

Given the spatial complexity of solid tumors, with differing microenvironmental influences
and selective forces, it is perhaps not surprising that these distinct microenvironments would
engender selection for distinct genotypes, leading to substantial genetic diversity within the
cancer. It was perhaps wishful thinking that promoted the hypothesis that such genetic
diversity would be limited to solid tumors and would not apply to hematological
malignancies. This ideal was likely further fueled by the outstanding success of BCR-ABL
inhibitors in treating CML that, as previously discussed, is a rather genetically simple
leukemia, in which BCR-ABL is both the initiating mutation and the principle driver, at
least in its early phases [5, 82]. However, recent studies of both BCR-ABL+ and ETV6-
RUNX1+ ALLs reveal that individual leukemic tumors show evidence of branching
evolution leading to complex genetic variegation [76, 83], with differing genetic
components within unique tumor cell clones likely contributing to disease maintenance. As
with solid tumors, these observations would seem to have severe implications for the
success of targeted therapies. Unless therapies are directed toward initiating, as opposed to
secondary mutations within subclones, combination therapies directed toward multiple
genetic targets will likely be necessary. In addition, tumor heterogeneity may also be a
barrier to the efficacy of standard genotoxic chemotherapies for leukemia. Indeed, whole-
genome sequencing of AMLs has provided evidence for the existence of unique tumor cell
subclones that survive initial genotoxic therapy and, upon additional mutation, become
dominant at relapse [84].

Synthetic Lethal Screens
Synthetic lethal screens often take advantage of RNAi technology to inhibit sets of genes,
either as genome-wide or smaller more targeted panels. RNAi technology comprises
multiple different modalities including small interfering RNA (siRNA), enzymatically
prepared siRNA (esiRNA) and short hairpin RNA (shRNA) (for a review on RNAi
technologies, see [85, 86]) that mimic endogenous expressed microRNAs (miRNA) used by
eukaryotic cells to silence genes at transcriptional and post-transcriptional levels. siRNAs
are chemically synthesized RNA duplexes. esiRNA are produced from in vitro transcribed
long dsRNA [87]. These latter two modalities provide a transient “knockdown” of gene
expression, which limits their applications. The main difference between siRNAs and
hairpin-based shRNAs are the mode of delivery and the duration of gene silencing. shRNAs
are ~65 nt RNAs containing complementary sequences. Upon transcription, shRNAs fold to
form a short hairpin that can be recognized by the Dicer complex, which cleaves them into
siRNA within the target cell. Vector-mediated expression of shRNAs provides for stable
incorporation into cells and can confer robust phenotypes. Both shRNAs and siRNAs are
commercially available individually, as libraries targeting the whole human and mouse
genomes, or as focused subsets directed toward, for example, solely phosphatases or kinases
[88–90].
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Synthetic lethal (SL) screens provide an unbiased approach to identify novel drug targets
and elucidate functional relationships between genes in tumor cells. Moreover, loss of
function mediated by RNAi-based knockdown can, at least partially, mimic how drug
inhibitors work, allowing for the identification of potential therapeutic targets [91]. There
are two major types of SL screens: genetic and chemical (Figure 2). Both types of screens
utilize RNAi technology to knockdown a target gene and identify a specific phenotype. In
the case of genetic SL screens, knocking down a particular gene confers sensitivity to a
genotype already present in the cell. As an example, this strategy was successfully employed
to identify genes that when knocked down resulted in cell death only in the presence of
oncogenic KRAS [92–94], and to identify genes that mediate the survival of activated B-cell
like diffuse large B-cell lymphoma (DLBCL) but not germinal center DLBCL [95].

Chemical SL screens are used to identify genes than when knocked down confer sensitivity
to a drug, targeted or otherwise. For examples, chemical SL screens have been used to
identify gene targets whose inhibition sensitizes lung cancer cells to the spindle breakdown
inhibitor paclitaxel [96], sensitizes osteosarcoma cells to the HDAC inhibitor
suberoylanilide hydroxamic acid, and sensitizes CML cells to the BCR-ABL tyrosine kinase
inhibitor imatinib [97, 98]. Chemical SL screens can also be used to identify targets that
sensitize tumor cells to non-specific therapy, such as genotoxic chemotherapy or radiation
therapy, to identify genetic factors that augment the effect of such therapy, or to identify
novel gene targets of a drug [99–102]. Thus, SL screens can be used to identify second hits
that can better eliminate cancer cells either in combination with inhibition of a known
oncogene (like BCR-ABL) or when a particular oncogenic pathway is activated (as for
KRAS).

A potential weakness of RNAi screening for therapeutic targets in cancer, at least as it is
currently being applied, is the inability to take into account tumor heterogeneity. RNAi
screens have typically relied on the employment of tumor-derived cell lines that, at least
presumably, are reasonably genetically clonal. That is not to discount the potential of these
RNAi screens in revealing targets that can improve treatment efficacy in genetically
complex cancers. A focus on initiating mutations may help to ensure the ultimate success of
identifying adjuvant targets in such screens. For example, a recent RNAi screen was able to
identify targets that are synthetic lethal with BCR-ABL inhibitor therapy (imatinib and
dasatinib) in both CML and Ph+ ALLs, with evidence of nuclear factor of activated T-cells
(NFAT) being an effective sensitizing target [98]. Given that the BCR-ABL mutation is
strongly implicated as an initiating mutation in these diseases, NFAT-targeted adjuvant
therapy will hopefully effectively sensitize most tumor cell clones to BCR-ABL inhibition.
In AML, so-called “type II” mutations, exemplified by chromosomal translocations
involving MLL that block hematopoietic differentiation through altered epigenetic
regulation, are considered to be early events in leukemogenesis [103]. An RNAi screen of
chromatin modifiers revealed bromodomain-containing protein 4 (BRD4) as a potential
therapeutic target that seems to play a critical role in maintenance of MLL-AF9+ AML
[104]. Finally, screens to identify pathways whose inhibition cooperates with the standard-
of-care therapy for a cancer could accelerate the translation of discovered combination
therapies.

Future screens may have the potential to identify targets that will further sensitize AML
cells to therapies targeting pathways dependent on type II initiating mutations such as MLL
and IDH1 and 2 [105]. Still, screening for targets that sensitize cells to inhibition of later
mutational events in hematological tumors, such as “type I” FLT3 mutations in AML,
should not be discounted. Activating mutations in FLT3 are detected in about one-third of
AMLs and are associated with aggressive disease and a poor outcome [103]. Kinase
inhibitor therapies targeting FLT3 have already demonstrated impressive efficacy in
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treatment of FLT3+ AML, although relapse is currently inevitable with FLT3 inhibitors as
monotherapy [106]. RNAi screening could reveal therapeutic targets that will further
sensitize FLT3+ AML cells to FLT3 inhibition and could be incorporated into therapeutic
regimens that may also include standard genotoxic chemotherapy to eradicate less
aggressive FLT3-independent AML clones. Similarly, multiple RNAi screens have
discovered targets that sensitize lung cancer cells to therapies targeting EGFR [107–109],
whose mutation is also a later event in lung tumorigenesis. Such targets could potentially be
integrated into combination targeted therapy regimens that may more effectively control
disease. Thus, while tumor heterogeneity presents a clear challenge for identifying
therapeutic targets using SL screens, an appreciation of this heterogeneity should facilitate
the design of more complex therapeutic approaches to target advanced malignancies.

Important considerations when designing a screen
The main advantage of genome-wide screening is the ability to discover previously
uncharacterized or unsuspected genes with minimal a priori predictions of what should
represent a good target. The downside is that genome-wide screens are more technically
challenging to ensure appropriate library representation. They require high-throughput data
acquisition platforms and complex computational analyses. In contrast, smaller pathway
focused screens use a select sub-genomic set of constructs to target specific pathways
(apoptosis panels, kinase, phosphatases, tumor suppressors, T-cell activation, B-cell
activation panels, etc.). SL screens can be performed either in arrayed (multiwell format, in
which a single shRNA or siRNA is added to each well) or pooled format, or a hybrid of the
two. Arrayed screens depend on a quantifiable phenotype, such as a reporter assay or
measured parameter, to identify targets. In addition, they require high-throughput
equipment, complex statistical analysis and are typically more costly than pooled screens.
An important consideration for pooled screens is the maintenance of proper representation
of a diverse pool of shRNAs in the cell population, as the goal is for changes in shRNA
representation to reflect the experimental condition (such as drug treatment) rather than
stochastic changes. Thus, targeted screens using smaller pools of shRNAs can reduce the
chances for stochastic loss of shRNAs, which could obscure shRNA losses that truly result
from treatment. Still, genome-wide shRNA screens can reliably produce valuable
information if stochastic changes in shRNA representation are minimized by maintaining
large cell population sizes, avoiding population bottle-necks (such as during cytotoxic
treatment), the use of multiple replicates and cell lines, and by the application of appropriate
statistical and bioinformatic analyses [110].

Many factors can affect library representation and successful gene silencing, including
optimal bacterial culture, lentiviral packaging, transfection and transduction efficiency, and
cell culture conditions of the target cell line [111]. Library representation becomes
especially important for screens with negative selection, because a large percentage of cells
will be eliminated from the population by the treatment, and a number of shRNAs will be
lost by chance alone. Cells that express shRNAs against essential and non-redundant genes
will be eliminated from the population (Figure 2). After selection, cells are divided into
experimental groups. For chemical screens, cells are treated with the drug of interest.

In the case of arrayed screens, data acquisition is performed by quantification of a particular
phenotype (cell survival, apoptosis, migration, invasion, senescence, etc) [91]. For pooled
screens, genomic DNA or mRNA is isolated from the different groups, and following
amplification of the shRNA sequences, shRNA representation in the different experimental
groups is quantified using DNA microarrays or high-throughput “deep” sequencing.
Commercially available DNA hybridization microarrays utilize a sequence-specific probe
and measure the relative abundance of each shRNA hybridized to the array. Alternatively,
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each shRNA and adaptor sequence can be sequenced using deep sequencing. Deep
sequencing allows the identification and quantitation of millions of single DNA reads per
run. Multiple analysis pipelines have been developed to analyze genome-wide sequencing
data from RNAi-based screens, including the BiNGS! (Bioinformatics for Next Generation
Sequencing) [110], GARP (Gene Activity Ranking Profile) [112], RIGER (RNAi Gene
Enrichment Ranking) [113] and RSA (Redundant siRNA Activity) [114] methods. The
major advantages of deep sequencing, compared with microarray-based detection, are
improved data coverage, quantitation, and signal to noise ratio. Comparison between
experimental groups allows for the reliable identification of shRNA sequences lost or
enriched upon drug treatment or other manipulations. Results can be further categorized into
functional pathways utilizing KEGG pathway analysis [115] or other pathways analyses.
Analysis of SL targets into functional pathways can point to other druggable targets
downstream or upstream of the synthetic lethal hits. Staudt and colleagues identified several
components of B-cell receptor signaling pathway in a screen in diffuse large B-cell
lymphoma [95]. Even though the Bruton’s tyrosine kinase (BTK) was not a hit, several
downstream components including CARD11 were identified as part of the screen. Based on
this results, inhibitors of BTK are currently in clinical trials for the treatment of relapsed/
refractory activated B-cell (ABC) and germinal-cell B-cell (GCB) Diffuse Large B-cell
Lymphoma (DLBCL).

Prioritization of targets for validation should include top ranked hits, targets in pathways
with multiple hits, and those with druggable potential. Target validation can be performed
by knocking down the target gene utilizing a unique set of shRNA constructs distinct from
those used in the screen, pharmacological inhibition, or, in some cases, antagonistic
antibodies. Each approach is complementary to the others since knockdown of a gene can
have very distinct effects compared to pharmacologic inhibition of the target; and vice-
versa. Moreover, pharmacologic inhibition may have off-target effects not recapitulated by
the genetic inhibitory approaches. This is exemplified by a genome-wide shRNA screen by
Scholl et al. [92] in which they identified STK33 as a synthetic lethal target in the presence
of oncogenic KRAS. Simultaneously, two other groups performed similar screen and
identified different targets other than STK33 that are crucial to mutated KRAS survival [93,
94]. At the time of these initial screens, there were no pharmacologic inhibitors of STK33.
Two other groups developed specific STK33 inhibitors and demonstrated that they were not
effective at killing KRAS mutated cells [116, 117]. One of the groups was able to
recapitulate that the shRNA knockdown of STK33 selectively eliminated KRAS mutant
cells (the other group was not). This example illustrates a case in which pharmacologic
inhibition does not equate to genetic ablation, which may be important when a protein plays
a structural or scaffolding role in addition to a catalytic function. Furthermore, the paucity of
overlap in terms of the SL interactions with KRAS discovered by multiple groups indicates
that these screens are either far from saturating and/or that false positive rates may be high.
Genetic SL screens allow the identification of a relationship between decreased level of a
target gene, but they do not establish a relationship involving the function of the encoding
protein [116]. The STK33 example illustrates the importance of extensive target validation
as a key step in screen design.

In addition to pharmacologic and knockdown inhibitory approaches, targets should be
further validated by activating the gene target directly or indirectly and observing the
opposite effect. Also, identification of previously implicated genes that influence the
observed phenotype or interact with other identified targets will increase confidence in the
results. Finally, high throughput validation can be accomplished by screening a curated
candidate gene list in a sub-library format against a panel of cell lines or in patient samples
[102]. The low complexity of a smaller library allows for pooling of multiple samples into a
single lane of sequencing, greatly reducing the cost and expediting the validation process.
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shRNA Screens in Hematological Malignancies
As described above, while major advances have been made over the last few decades in
cancer research, the diagnosis of cancer in most cases still constitutes a death sentence, even
if therapy can delay this outcome. Loss of function shRNA screens have the potential to
identify novel therapeutic targets, the inhibition of which could improve therapeutic
outcomes with currently used drugs. These screens can also be used to identify pathways
important for maintenance of the cancer phenotype, as well as to reveal unique sensitivities
of cancer cells (such as “non-oncogene addictions” [118]). Panel screens have been utilized
to identify genes required for the proliferation and survival of diffuse B-cell lymphomas
[95], potential mechanisms of resistance to IKKβ inhibitors in activated B-cell like diffuse
large B cell lymphoma [119], chromatin regulators in AML [104], functional profiles of
primary leukemia samples [120], and functional characterization of chemotherapeutic
targets [121]. For a comprehensive list of RNAi screens in hematologic malignancies, see
Table 1.

Several groups have taken distinct approaches for the discovery of potential therapeutic
targets utilizing functional genomics, in some cases in combination with conventional
approaches, such as gene expression profiling. Jiang et al. [121] utilized a panel of shRNAs
targeting BCL2 family members and p53 related proteins, including its activating kinases, to
screen several chemotherapies in Burkitt’s lymphoma and Bcr-Abl+ ALL, assigning these
targets into functional categories based on their shRNA profile. This approach could be used
to assign novel compounds or derivatives of existing compounds into functional categories
and determine if they share the same specificity as the parent drug. More importantly, the
authors were able to define a genotoxic signature utilizing as few as 8 shRNAs to predict
genotoxic drugs that could be utilized to rapidly screen libraries of compounds. shRNA
screens can also identify specific dependencies of malignancies. Banerji et al. [122] utilized
a combination of shRNA SL screen and small molecule kinase inhibitor screen to identify a
GSK-3α pathways involved in AML differentiation. As the inhibition of GSK-3α
potentiates AML differentiation, this study reveals a novel differentiation pathway for this
leukemia. Similarly, Zuber et al. [104] utilized a custom shRNA library targeting all known
chromatin regulators to identify novel drug targets in AML. As noted, they were able to
identify a novel target, BRD4, which specifically mediates survival of AML but not normal
cells. Importantly, while their screen utilized a mouse AML model, their follow up
experiments demonstrated similar roles for BRD4 in human AMLs, including primary
patient samples. Their work highlights one of the main advantages of functional genomics:
to identify previously uncharacterized genetic dependencies for specific malignancies.

Other groups have utilized functional genomics to identify mechanisms of intrinsic drug
resistance. Lam et al. [119] utilized an shRNA panel library targeting all kinases to identify
putative mechanism of drug resistance to IKKβ inhibitors in diffuse large B-cell lymphoma.
In addition, functional genomic screens can be utilized to identify pathways whose
inhibition will synergize with a current therapy. We performed a large-scale shRNA screen
to identify pathways that sensitize CML cells to imatinib, revealing components of the non-
canonical WNT/calcineurin/NFAT pathway as synthetic lethal upon imatinib treatment [98].
Most importantly, inhibition of calcineurin using cyclosporine A (CsA) enhanced the
efficacy of BCR-ABL inhibitor therapy for mice with BCR-ABL+ leukemia [98], leading to
a clinical trial testing this combination therapy in humans (Table 1). Importantly, as
components of the WNT/Ca+2/NFAT pathway (and transcriptional targets) do not exhibit
obvious deregulation or mutational activation in CML, these results highlight the ability of
unbiased screens to reveal cancer cell dependencies that would be missed by analyses of
gene expression or mutational changes alone.
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Similarly, Zhu et al. [123] utilized the Human Druggable Genome siRNA library to identify
targets that sensitize multiple myeloma cells to bortezomib, revealing the importance of
CDK5 in multiple myeloma survival. Chemical SL screens have also been utilized to
identify off-target effects of targeted therapies. This approach was successfully employed to
identify SYK as the off-target effect of gefitinib (EGFR tyrosine kinase inhibitor)
responsible for its anti-AML effects [100]. Screens to identify additional functionally
relevant pathways are not limited to targeted therapies. Porter el al. [102] and Tibes et al.
[124] performed genome-wide and kinome screens, respectively, to identify genes that when
inhibited potentiate AML cell killing with cytarabine, a cytosine analog utilized to treat
certain types of leukemia including AML, ALL, and CML. These studies revealed a critical
role for the WEE1 dependent cell cycle checkpoint in allowing AML cell survival during
cytarabine induced damage in S-phase. Genetic or pharmacological inhibition of Wee1
prevented S-phase stalling, leading to increased AML cell death, thereby suggesting a
therapeutic strategy to increase cytarabine effectiveness in AML treatment. This example
illustrates the use of SL libraries to develop combination therapies to enhance the efficacy of
non-targeted therapies.

In vivo shRNA screens have been used to identify genes involved in tumor cell homeostasis
and metastasis in mouse models of cancer. Such in vivo studies have the advantage of
identifying functionally relevant genes under more physiological conditions, which could
reveal pathways important for tumor cell interactions with their microenvironment and the
immune system. In vivo shRNA screens are limited by the number of transplanted RNAi
library-transduced cells that are required to ensure maintenance of sufficient library
representation, but can still provide valuable information. Meacham et al. [125] utilized a B
cell lymphoma model (Eµ-Myc mouse lymphoma) to identify shRNAs that are depleted or
enriched in vivo during tumorigenesis. After tumor formation, they were able to retrieve 26–
40% of their library in vivo compared to 71% in vitro. As expected, the in vivo samples
were depleted of shRNAs targeting cell motility and cell adhesion genes, dependencies that
might have been missed in vitro. Similarly, Bric et al. [126] transduced Eµ-Myc
hematopoietic stem and progenitor cells (HSPC) with small pools of shRNAs targeting the
Cancer 1000 shRNA set and transplanted these cells into mice. Their screen revealed that
the knockdown of multiple tumor suppressor genes and DNA damage response associated
genes accelerated lymphomagenesis, thus identifying novel tumor suppressive pathways for
Myc driven lymphomas. In vivo shRNA screens have also been utilized to identify targets
that mediate survival to topoisomerase inhibitors [99]. A screen in hepatocellular carcinoma
(HCC) is worth noting given that an analogous approach could be extended to hematologic
malignancies. Zender et al. [127] also used an in vivo mouse model of HCC and a series of
small pooled shRNA subsets targeting the mouse orthologs of genes recurrently deleted in
human HCC to functionally query potential tumor suppressors. Since many genes deleted in
human cancers will be passengers (their deletion does not clearly contribute to the cancer
phenotype), this study provides a blueprint for distinguishing driver and passenger mutations
in cancers, such as those identified via The Cancer Genome Atlas. As another prototypical
screen performed in a non-hematopoietic malignancy, Possemato et al. [128] utilized a
subset library targeting metabolic genes in a human breast cancer xenograft model, together
with comparisons to regions of genomic copy number gains in breast cancers, to reveal an
important role for the serine synthesis pathway in these cancers. Thus, by either determining
which shRNAs are enriched [127] or lost [128] in the cancers grown in mice, these studies
have revealed unanticipated tumor suppressive and oncogenic pathways, respectively.

Finally, RNAi screens have been utilized to construct functional profiles of primary
leukemia samples. Tyner et al. [120] utilized an arrayed siRNA screen targeting all members
of the tyrosine kinase family to identify sensitivities and driving mutations in AML patient
samples, a strategy that they dubbed RNAi assisted protein target identification (RAPID).
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They were able to identify common mutations present in AMLs and other novel mutations
including the novel insertion in MPL1186InsGG. Importantly, this screen allowed the
identification of tyrosine kinases driving these malignancies beyond those containing
genetic abnormalities.

As illustrated with the examples above, multiple distinct synthetic lethal approaches can be
used to discover potential therapeutic targets.

Applications to other immunologic processes
The use of RNAi screening is not confined to the field of cancer biology. Several groups
have used both genome-wide and targeted screens to identify regulatory pathways involved
in lymphocyte signaling [129], host factors involved in influenza pathogenesis [130], host
genes required for viral entry and early stages of HIV infection [131, 132], and mechanisms
that regulate tissue specific MHC Class II expression, peptide loading and transport in
dendritic cells [133]. Astier et al. used a sub-genomic arrayed siRNA library focused on
kinases and phosphatases in primary human T cells to identify novel genes that increase/
decrease levels of IL-10, IL-13 and/or IFNγ. Using this approach, they identified FLT3 and
FLT3 ligand as negative regulators of IL-10 in activated T cells [129]. Two independent
groups performed genome-wide arrayed siRNA screen to identify host factors required for
HIV entry and early stages of replication. In addition to host factors previously implicated in
HIV pathogenesis, Brass et al. [132] identified nucleocytoplasmic transporter activity genes,
helicases, transcription factors and retrograde golgi transport proteins as playing important
roles in viral entry and early replication. Konig et al. [134] performed parallel screens
utilizing a single-cycle HIV-1 reporter virus, MuLV retroviral vector and a AAV vector to
identify factors specific to HIV (and not just to retroviruses and viruses in general). Their
analysis incorporated gene-based scored (Redundant siRNA Analysis), gene expression
signatures, gene ontology data, cellular protein-protein interaction data and virus-host
interaction data. Interestingly, the screens from the two groups have limited overlap which
might be attributed to the different models they utilized as well as their reporter assays and
their analysis. In addition to the examples described above, synthetic lethal screens should
also be useful for to the identification of novel pathways involved in lymphocyte
differentiation, activation and migration.

Conclusions
Loss-of -function genetic screens, until recently, were limited to model organisms such as
yeast and worms. The discovery that RNAi can effectively be employed to perform
functional genetic screening in mammalian cells has already had a major impact in
interrogating the genetic factors that influence human disease. RNAi-based screening has
paved the way for the efficient and effective discovery of genetic targets that can selectively
elicit elimination of tumor cells, through the targeting of particular oncogene-mediated
dependencies alone, or through combination targeting of multiple tumor survival pathways.
Thus RNAi-mediated screening has great potential for identification of therapeutic targets
that can sensitize any tumor/disease cell to therapy, targeted or otherwise. Tumor cells seem
to employ multiple genetic/epigenetic mechanisms to resist therapy, and these changes,
either intrinsic or acquired, can be effectively exposed through RNAi screens. Furthermore,
the continued development and improved efficacy of RNAi within large libraries,
minimizing “off-target” and maximizing “on-target” effects, should dramatically enhance
our current ability to screen for potential therapeutically-effective gene targets in many
cancers, including hematological malignancies, and improve treatment of these diseases.
From a therapeutic standpoint, a major advantage of genome-scale screening is that it can
reveal multiple targets within the same genetic pathway, some of which may be inhibited by
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drugs already available in our current therapeutic arsenal. The discovery of already
“drugged” targets, such as with CsA for inhibiting NFAT in CML treatment, should
accelerate our ability to move potential treatments to the clinic. With further development,
the potential applications of RNAi screening technology for exploration of other diseases, in
addition to cancer, seems unlimited.

Genome-wide shRNA screens have the potential to identify thousands of target genes
including both oncogenes and non-oncogenes. Multiple non-oncogene addictions are
observed in cancer cells, including those mediating DNA damage/replication stress,
proteotoxic stress, mitotic stress, metabolic stress and oxidative stress [118, 135]. These
non-oncogenes have the potential to be ubiquitous targets available for multiple different
cancer types. Genome-wide screens offer the advantage of being able to identify non-
oncogene co-dependencies whose inhibition is selectively lethal in particular cancer types or
during drug treatment.

Future prospects: personalized screens?
As targeted therapies become the standard of care for cancer treatment, diagnostic tests that
include molecular and genetic identification of the driving oncogenic processes will become
even more important. With falling costs of deep sequencing, better functional understanding
of the genome, and advanced computational approaches, it is possible that one day we will
be able to screen a newly diagnosed patient sample with shRNA libraries to identify a priori
which therapeutic combinations that a patient will likely benefit from. By understanding the
basic biology driving the particular cancer type, we will be able to more effectively
personalize cancer therapy, hopefully decreasing therapy-related toxicity and improving
relapse-free survival.
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Figure 1. Using Functional Genomics to discover mechanisms to overcome intrinsic and
acquired resistance
When the mechanisms of resistance are unknown and not mediated by mutations in the
target gene or other associated genes, synthetic lethal screens can be used to identify the
causes.
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Figure 2. Synthetic Lethal Screen Modalities
A. In a pooled chemical SL screens, a population of cells (cell line, primary cells) is
transduced with an shRNA library, and after selection of transduced cells, divided into
vehicle or treatment. After treatment, the shRNAs are recovered, amplified and quantitated
by DNA microarray or sequencing. Differential shRNA representation is compared between
the vehicle and treatment groups. B. In a pooled genetic SL screens, two populations of
cells, differing in genotype, are transduced with an shRNA library. The shRNAs are
recovered, amplified and quantitated. Differential shRNA representation between the cell
populations is determined.
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Table 1
siRNA based screens in hematologic malignancies

For the Screen Strategy, the source of siRNAs and basic strategy are listed in 1., and the method of
determining relevant siRNA or shRNA is described in 2.

Cancer Type
(Cell Line)

Screen strategy Results Clinical relevance Reference

Chemical Screens

APL
(NB4 and NB4-R2)

1. Large-scale SL with

ATRAa,c
2. Colony Forming Assay
and Sequencing

Identify mediators of ATRA-
induced differentiation and
growth arrest of APL
including UBE2D3

ATRA is FDA approved
for treatment of
hematologic malignancies

[137]

Murine Eµ-Myc p19ARF−/−

Burkitt's lymphoma
1. Cancer 1000 SL with
doxorubicin and

camptothecinb,c,d,e
2. DNA microarray and
deep sequencing

Identified genes that mediate
response to doxorubicin and
camptothecin

Doxorubin is FDA
approved for treatment of
hematologic malignancies

[99]

Activated B-cell like DLBCL
(OCI-Ly3)

1. Kinome SL screen with

IKKβ inhibitorsb,c
2. DNA microarray

Identified that targeting both
IKKα and IKKβ is more
potent on the classical NF-
κB pathway than IKKβ
alone

[119]

AML
(HL-60)

1. Kinome SL screen to
identify off-target effects

of gefitinibb,d
2. GE-HTS

Identify SYK as an off-target
effect of gefitinib responsible
for anti-AML effect

Syk inhibitor fostamatinib
disodium successfully
completed Phase I/II
(NCT00446095) for
relapsed/refractory B cell
malignancies [138]

[100]

CML
(K562)

1. Genome wide SL with

imatinibb,c
2. DNA microarray

Non-canonical Wnt/Ca+2/
NFAT pathway mediates cell
intrinsic resistance to
imatinib.

Resulting combination
therapy is in Phase I
(NCT01456988)

[98]

Murine Eµ-Myc p19ARF−/−

Burkitt's lymphoma
1. Small scale SL screen
with multiple genotoxic

drugsb,d,f
2. Flow cytometry

Identified drug signatures
based on a subset of
knockdown effects

Developed a small screen
to functional characterize
new genotoxic drugs

[121]

MM
(KMS11)

1. Human Druggable
Genome SL screen with

bortezomiba,d
2. Cell viability

CDK5 sensitizes multiple
myeloma cells to bortezomib

Non-specific CDK
inhibitors are in Phase I
for solid tumors in
combination with
nucleoside analogs
(NCT00999401)

[123]

Murine Eµ-Myc p19ARF−/−

Burkitt's lymphoma and p185
BCR-ABL+ p19ARF−/− B-ALL

1. In vivo targeted screen

with doxorubicinb,c,g
2. Luminex bead-based

Identified tissue-specific
modifier of doxorubicin
response

Doxorubicin is FDA
approved for treatment of
hematologic malignancies

[101]

AML
(Molm13 and MV4-11)

1. Genome wide SL with

cytarabineb,c
2. Deep sequencing

WEE1 is a critical mediator
of AML survival after
cytarabine

WEE1 inhibitor MK-1775
is currently in Phase II
clinical trials for ovarian
cancer (e.g.
NCT01164995)

[102]

AML
(TF-1 and THP-1)

1. Kinome SL with

cytarabinea,d
2. Cell viability

WEE1 is a critical mediator
of AML survival after
cytarabine

WEE1 inhibitor MK-1775
is currently in Phase II
clinical trials for ovarian
cancer

[124]

Genetic Screens

Activated B-cell like DLBCL and
germinal center DLBCL
(OCI-Ly3, OCI-Ly10 and OCI-
Ly7, OCI-Ly19)

1. Small scale SL

screenb,c
2. DNA microarray

Identified CARD11 as a key
upstream signaling
component responsible for
the constitutive IKKβ kinase

Bruton's Tyrosine Kinase
(Btk) Inhibitor is currently
in Phase II clinical trials
(NCT01325701)

[95]
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Cancer Type
(Cell Line)

Screen strategy Results Clinical relevance Reference

activity in activated B-cell
like DLBCL

Primary leukemia samplesh 1. Kinome SL screena,d
2. Cell viability

Identified targets including
activating mutations in
JAK2, K-RAS and novel
insertion in MPL1186InsGG

critical to the survival of the
malignancy

Patient specific oncogenic
target identification

[120]

Murine Eµ-Myc p19ARF−/−

Burkitt's lymphoma
1. In vivo/in vitro Cancer

1000 SL screenb,c,e
2. Deep sequencing

Identified genes that mediate
in vivo survival compared to
in vitro survival

[125]

Murine Eμ-Myc p19Arf−/− HSPC 1. In vivo Cancer 1000 SL

screenb,c,e
2. Deep sequencing

Identified several tumor
suppressor genes and
components of DNA damage
response

MEK1/2 inhibitor in
Phase II in cancers with
BRAF mutations
(NCT00888134) and
Phase I in combination
with PI3K/mTOR
inhibitors (NCT01337765,
NCT01378377)

[126]

AML
(MLL-AF9/NrasG12D leukemia)

1. Targeted SL screenb,c,i
2. Deep Sequencing

Brd4 is required for disease
maintenance of AML

Small molecule inhibitor
of Brd4, JQ1, effective in
mouse model

[104]

AML
(HL-60)

1. Kinome SL screenb,d
2. GE-HTS

Serine-threonine kinase
GSK3 plays a role in AML
differentiation

GSK3 inhibitor completed
Phase I/II (NCT00948259,
NCT01049399
NCT01350362) for
Alzheimer’s disease and
Progressive Supranuclear
Palsy

[122]

a
siRNA,

b
shRNA,

c
Pooled,

d
Arrayed,

e
Cancer 1000 set of genes containing putative cancer-related genes in breast cancer [136],

f
Library targeting BCL2 and p53 family members,

g
Library targeting BCL-2 family member,

h
Samples included ALL, CMML, AML, CNL,

i
Library targeting chromatin regulators.

Abbreviations: APL, acute promyelocytic leukemia; ATRA, all-trans retinoic acid; DLBCL, diffuse large B-cell lymphoma; AML, acute myeloid
leukemia; GE-HTS, Gene Expression-based High-throughput Screening; CML, chronic myelogenous leukemia; MM, multiple myeloma; B-ALL,
B-cell acute lymphoblastic leukemia; ALL, acute lymphoblastic leukemia; CMML, chronic myelomonocytic leukemia; CNL, Chronic neutrophilic
leukemia; HSPC, hematopoietic stem and progenitor cells
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