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The Ser/Thr protein kinase MELK (maternal embryonic leu-
cine zipper kinase) has been considered an attractive therapeu-
tic target for managing cancer since 2005. Studies using expres-
sion analysis have indicated that MELK expression is higher in
numerous cancer cells and tissues than in their normal, nonneo-
plastic counterparts. Further, RNAi-mediated MELK depletion
impairs proliferation of multiple cancers, including triple-neg-
ative breast cancer (TNBC), and these growth defects can be
rescued with exogenous WT MELK, but not kinase-dead MELK
complementation. Pharmacological MELK inhibition with
OTS167 (alternatively called OTSSP167) and NVS-MELKSa,
among other small molecules, also impairs cancer cell growth.
These collective results led to MELK being classified as essential
for cancer proliferation. More recently, in 2017, the prolifera-
tion of TNBC and other cancer cell lines was reported to be
unaffected by genetic CRISPR/Cas9-mediated MELK deletion,
calling into question the essentiality of this kinase in cancer. To
date, the requirement of MELK in cancer remains controversial,
and mechanisms underlying the disparate growth effects ob-
served with RNAi, pharmacological inhibition, and CRISPR
remain unclear. Our objective with this review is to highlight the
evidence on both sides of this controversy, to provide commen-
tary on the purported requirement of MELK in cancer, and to
emphasize the need for continued elucidation of the functions
of MELK.

A brief overview of MELK: From discovery to controversy

We begin this review with a brief chronological history of
MELK, to provide context before analyzing the controversy
concerning the requirement of this kinase in cancer (see Fig. 1
for an accompanying timeline). In 1997, MELK ¢cDNA was
cloned for the first time, in two studies published in rapid suc-
cession. The first group sought to identify genes that were
important in embryonic genome activation. They ultimately
cloned the cDNA of a gene containing a kinase domain sharing
significant sequence identity with the Snfl/AMPK family
kinases. The cloned kinase also contained a leucine zipper
motif, and transcription of this gene was increased in mouse
preimplantation embryos. Accordingly, the kinase was named
MELK (maternal embryonic leucine zipper kinase) (1). Shortly
after this, another group cloned the same gene from mice, nam-
ing it MPK38 (murine protein serine/threonine kinase 38) (2).
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Five years later, the MELK homolog was characterized in Xeno-
pus and named pEg3 (no acronym defined) (3), not to be con-
fused with PEG3 (paternally expressed gene 3) (4). In this study,
pEg3 was demonstrated to be phosphorylated in a cell cycle—
dependent manner to regulate its activity, which is maximal in
mitosis (3). Naming conventions converged on MELK within a
few years, although the name MPK38 is still used sporadically in
the literature.

In 2005, the first study characterizing MELK as a promising
cancer target was published. Here, it was noted that MELK
RNA levels were elevated in a panel of 20 cancer tissues, relative
to matched normal samples, and that siRNA-mediated MELK
knockdown decreased proliferation of cervical, breast, colorec-
tal, and pancreatic cancer cell lines (5). This publication
spawned dozens of subsequent studies over the next 15 years,
demonstrating increased MELK expression in numerous can-
cers, including glioblastoma, breast, prostate, and gastric, and
slowed proliferation of these and other cancers as a result of
RNAi-mediated MELK depletion (6 -9). As the body of litera-
ture implicating MELK as a promising therapeutic target grew,
the first MELK inhibitor (OTSSP167 (OTS), also called
OTS167) was developed in 2012 (10). OTS effectively impairs
growth and induces apoptosis of numerous cancer types,
including breast cancer, acute myeloid leukemia, and small-cell
lung cancer, and is currently in four clinical trials (10-12).
Because of its status as the leading MELK inhibitor, OTS has
been used in most functional studies of MELK since its devel-
opment. It has recently been definitively demonstrated that
OTS has extremely poor selectivity for MELK (13-16), yet
unfortunately, it is still regularly used as a tool compound to
investigate MELK function.

The start of the controversy currently surrounding the
requirement of MELK in cancer can be traced back to a com-
prehensive 2014 study, in which MELK was demonstrated to be
essential for the proliferation of basal-like breast cancer (BLBC)
cells, one of the most aggressive subtypes of breast cancer. This
study utilized RNAi-mediated MELK knockdown to demon-
strate slowed proliferation and essentiality and further showed
that growth effects in cells and tumors could be rescued with
exogenous WT MELK expression, but not with kinase-dead
MELK (17). Three years later, in 2017, another group used
CRISPR/Cas9 genomic knockout to show that MELK is not
required in triple-negative breast cancer (TNBC) and other
cancer types (18). This publication was quickly followed by a
study from the group that originally showed essentiality, now
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Figure 1. Timeline of major MELK milestones in cancer. The cancer types shown do not represent a comprehensive list of all cancers for which MELK has
been described to play a role in proliferation. AML, acute myeloid leukemia; SCLC, small-cell lung cancer; BC, breast cancer.

demonstrating that MELK is not required for TNBC cell prolif-
eration, based upon genomic MELK knockout and other exper-
imental techniques (16). To further complicate the situation,
members of this same group published another study in 2018,
asserting that TNBC cells actually have a conditional depen-
dence on MELK for proliferation (19). No additional studies
have been completed to specifically address this controversy.
The essentiality of MELK for cancer cell proliferation is thus
currently contested.

Examining the requirement for MELK in cancer

The sole purpose of this review is to discuss the present con-
troversy concerning the requirement of MELK in cancer. Thus,
we will not chronicle what is known about MELK regulation,
substrates, and functions in specific cancer processes. For more
information on these topics, we refer the reader to an excellent
review by Pitner et al. (20).

Importantly, while we will raise concerns about the interpre-
tation of specific results and technical considerations, we will
not ultimately take a stance on which side of the controversy we
believe is correct. We feel that it would be impossible to justi-
fiably do so at this point in time. Rather, we aim to describe the
relevant findings on both sides of the controversy and identify
key areas requiring further investigation, while also highlight-
ing some important principles broadly applicable to the scien-
tific community.

Evidence supporting the requirement for MELK in cancer

Perhaps the most robust evidence implicating MELK as an
important mediator of cancer progression comes in the form of
expression analyses between cancerous and normal tissues and
cells. Numerous studies have used microarray and TCGA anal-
ysis or immunoblotting methods to demonstrate that expres-
sion of MELK RNA or protein is significantly increased in neo-
plastic cells. This effect seems to be a characteristic that broadly
defines many cancer types, as it has been described in breast
(17,21, 22), brain (glioma (6, 23), astrocytoma (24), and neuro-
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blastoma (25)), liver (26), prostate (8), bladder (27), and endo-
metrial cancers (28), among others (5). Further, high levels of
MELK expression correlate with high-grade tumors, increased
aggressiveness, poor patient outcomes, and radioresistance (17,
21, 22, 25-29). Increased MELK expression has been linked to
concurrent up-regulation of genes important or essential for
cell cycle progression, including CDK1, CCNB1/2, TOP2A,
AURKB, PLK1, and BUBI (8, 24, 30-33), suggesting that MELK
likely also plays a role in this process.

The effects of RNAi-mediated MELK knockdown have reso-
lutely indicated that MELK expression is vital to the prolifera-
tion and survival of cancer cells. In cancers, including basal-like
breast (17), endometrial (28), glioma (6), acute myeloid leuke-
mia (11), high-risk neuroblastoma (25), and hepatocellular car-
cinoma (26), MELK depletion has been shown to slow or halt
proliferation of cancer cells and tumors. Some studies have
additionally demonstrated that knockdown of MELK sensitizes
cells to radiation (17, 22, 34, 35) and impairs migration (8, 9, 28,
36). Crucially, a number of studies have rescued the antiprolif-
erative effects of RNAi-mediated MELK knockdown with
ectopic MELK expression, indicating that these effects are spe-
cifically due to loss of MELK (6, 17, 23, 26, 37, 38). These results
were extended by two studies that demonstrated that comple-
mentation of knockdown with kinase-dead MELK-D150A or
-T167A does not restore normal growth, indicating that cata-
lytic activity is required for rescue (17, 38). Additionally, the
oncogenic potential of MELK has been shown using rodent
fibroblasts that expressed a dominant negative form of p53
(Rat1-p53DD), which necessitate only one oncogenic event for
neoplastic transformation. When WT, but not kinase-dead,
MELK was overexpressed, these cells gained the ability to grow
in an anchorage-independent manner and form tumors in vivo,
evidence of transformation indicating that MELK may function
as a driver oncogene (17).

It was recently demonstrated that CRISPR/Cas9-mediated
MELK knockout impaired proliferation and induced apoptosis
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in chronic lymphocytic leukemia cells (36). It should be noted
that this is the only study that has shown a growth effect result-
ing from MELK knockout. Other studies that demonstrate no
phenotype in MELK knockout cells will be discussed in the next
section.

Multiple MELK inhibitors have been developed as potential
cancer therapeutics (reviewed previously by Pitner et al. (20)).
The molecules OTS (10), NVS-MELKS8a (14, 39), HTH-01-091
(16), MELK-T1 (40), IN17 (41), and C1 (23) have all demon-
strated preclinical efficacy in slowing cancer cell proliferation,
with OTS exhibiting such potent, broad anti-neoplastic effects
that it has advanced to phase I/II clinical trials (11, 12, 25, 36,
42—44). Certainly, all small-molecule inhibitors exhibit some
degree of polypharmacology, so the antiproliferative effects of
these compounds cannot be solely attributed to MELK inhibi-
tion. For the inhibitor NVS-MELKS8a, the viability of TNBC
cells has been shown to be reduced at concentrations at which
NVS-MELK8a is highly selective for MELK, suggesting that
inhibition of MELK is a major contributor to its antiprolifera-
tive effects (14).

Evidence against the requirement for MELK in cancer

On the other side of the controversy are a series of studies
that used CRISPR/Cas9 to genetically knock out MELK, reveal-
ing no growth phenotype in MELK-null cell lines. The first of
these studies used both single and double guide RNA (gRNA)
strategies to genetically delete MELK from a panel of TNBC cell
lines, with some experiments additionally completed in other
cancers. For the single gRNA strategy, seven independent
gRNAs were used to generate pooled MELK-null A375, Cal51,
and MDA-MB-231 cell lines, and these lines were compared
with Rosa26 (a nonessential, noncoding gene) knockout control
lines in growth assays. Both cell proliferation and anchorage-
independent growth were unaffected by MELK knockout. The
double-gRNA strategy was used to induce DNA cutting in two
places, excising a portion of the MELK gene that encodes for
residues essential for ATP binding in two TNBC cell lines.
Long-term growth assays were repeated with these MELK
knockout cell lines, and again they were found to proliferate
normally, indicating that MELK is not required for TNBC pro-
liferation (18).

Reasoning that signaling pathway adaptations may have
occurred during the extensive time required for clonal selec-
tion, which could restore normal cell proliferation, the authors
employed a GFP dropout assay to assess cell proliferation more
proximal to MELK deletion. Briefly, seven Cas9-expressing
TNBC cell lines were transduced with seven independent
gRNAs targeting MELK or three gRNAs targeting Rosa26, RPA,
or PCNA. Transductions were done at a low multiplicity of
infection to ensure that some portion of cells remained
untransduced. gRNA plasmids additionally expressed GFP,
which allowed for the proportion of GFP+ to GFP— cells to be
monitored over five passages to assess the relative fitness of
cells that had been transduced with MELK or control gRNA
relative to their untransduced counterparts. Less than 2-fold
dropout of MELK and Rosa26 knockout cells was observed,
compared with 5-100-fold dropout of the positive control RPA
or PCNA knockout cells, again suggesting that MELK is not a
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requirement for TNBC proliferation. Crucially, the methods
for this study indicate that the baseline GFP+/GFP— measure-
ment was not taken until 3 days post-transduction, with the
first reading assessing GFP dropout measured 3—4 days later.
Whereas the authors state that this GFP dropout assay was used
in an effort to test the effects of MELK knockout immediately
following MELK loss, the 3 days that passed between gRNA
transduction and baseline readings could certainly still allow
ample time for cellular reprogramming that restores normal
growth (18).

The next CRISPR study replicated many of the results
described above, while also using additional techniques to test
MELK dependence (16). Again, MELK-null MDA-MB-468
cells were observed to have no growth phenotype relative
to control cells. A chemical-induced protein degradation
approach was additionally employed to show that MELK loss
had no immediate or prolonged effects on BLBC proliferation.
The authors state that MELK expression was maintained
throughout the process of creating these cell lines, by first stably
expressing an FKBP12-MELK fusion that could be selectively
degraded with an engineered degrader molecule and then
deleting endogenous MELK with CRISPR. Importantly, it was
never demonstrated that this MELK fusion is similarly func-
tionaltoendogenous MELK (i.e. interactionsand substrate phos-
phorylations are unperturbed by FKBP12 fusion). It therefore
cannot be ruled out that this cell line acted as another MELK
knockout line, which has had ample time during clonal selec-
tion for reprogramming of signaling pathways, that additionally
expresses a nonfunctional MELK fusion.

This study also demonstrated quite convincingly that MELK
knockdown with CRISPR interference (CRISPRi) has no effect
on BLBC cell proliferation. MDA-MB-468 cells were trans-
duced with KRAB-dCas9, a catalytically dead version of Cas9
that allows for transcriptional repression of the gRNA-targeted
gene. Multiple gRNAs targeting the MELK promoter were
shown to efficiently decrease MELK transcript and protein lev-
els, and five of these gRNAs were cloned into a doxycycline-
inducible vector and stable cell lines were generated. Using this
system, MELK knockdown by doxycycline treatment was not
found to significantly decrease cell proliferation in any of the
five cell lines. It should be noted that, while not statistically
significant, all cell lines did exhibit slightly decreased growth
(~5-20%) when treated with doxycycline, compared with
untreated controls (16).

A follow-on study to the first MELK CRISPR paper was com-
pleted by the same group roughly a year later, in which they
expanded upon their previous results (45). In stark contrast to
previous results by Wang et al. (17), MELK overexpression was
found to be insufficient for neoplastic transformation of
immortalized cell lines as measured by anchorage-independent
growth assays (45). Multiple cell models were used to test trans-
formation potential, including the Rat1-p53DD system used in
the study by Wang et al. (17). Similarly, MELK knockout
TNBC, melanoma, and colorectal cell lines did not exhibit
impaired anchorage-independent growth. This study addition-
ally found that genetic deletion of MELK did not impair prolif-
eration of cancer cells plated at varying densities in crystal vio-
let assays and had no effect on cancer cell sensitivity to five
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Figure 2. Summary of the effects of different methods of MELK perturbation on cancer cell proliferation. Decreased MELK expression or activity has
differing effects on cancer cell proliferation, depending upon the technique used (CRISPR/Cas9, RNAI, or pharmacological inhibition). CRISPR/Cas9 genetic
knockout of MELK has no effect on proliferation of TNBC and other cancer cells. RNAi-mediated MELK depletion impairs proliferation of TNBC and other cancer
cells. These anti-proliferative effects can be rescued with exogenous WT MELK, but not with kinase-dead (KD) MELK complementation. Pharmacological
inhibition of MELK with OTS, NVS-MELK8a, and other inhibitors impairs proliferation of TNBC and other cancer cells.

common chemotherapeutic agents or to metabolic stresses,
including hypoxia, glucose limitation, or exposure to reactive
oxygen species. CRISPR-mediated MELK knockout also had no
effect on the proliferation of tumor xenografts in mice (45).

Commentary on the MELK requirement controversy

The disparate proliferative effects of perturbation of MELK
expression or activity with RNAi, pharmacological inhibition,
and CRISPR are summarized in Fig. 2. In this commentary, we
will provide insights into these results, identify gaps in knowl-
edge that should be addressed to improve the field’s under-
standing of the importance of MELK in cancer, and make rec-
ommendations for future studies.

Some of the results suggesting that MELK is a cancer require-
ment have been recently refuted or can now be viewed with
added perspective. Specifically, neoplastic transformation of
immortalized cells was demonstrated with MELK overexpres-
sion in one model (17), but these results were later convincingly
refuted by another group using the same and additional models
(45). Results from dozens of studies have demonstrated that
MELK expression is up-regulated in cancer and that higher
levels of MELK correlate with tumor grade and poor prognosis.
However, these results are purely correlative in nature. It has
been suggested that MELK may be up-regulated as part of a cell
cycle/mitotic cluster of genes in cancer cells simply because
these cells proliferate more rapidly than their nonneoplastic
counterparts (45). Additionally, it must be recognized that can-
cer cells may up-regulate expression of certain proteins for rea-
sons besides the regulation of cell proliferation. In the case of
MELK, increased expression may affect DNA damage response
to influence genetic instability of cancer cells, or it may be
important for maintenance of stemness in the cancer stem cell
niche. MELK has been linked to both processes previously (27,
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34, 40, 46, 47). Finally, multiple MELK inhibitors have demon-
strated antiproliferative effects, but it is not possible to defini-
tively conclude that the observed effects are due solely to MELK
inhibition. The possibility of off-target inhibition contributing
to observed phenotypes cannot be wholly disproved. None of
these results provide definitive evidence that MELK is a cancer
dependency.

To expand upon the MELK inhibitor landscape, OTSSP167
is considered the leading MELK inhibitor, and it has been used
nearly universally in functional studies of MELK. In the original
publication that described the development and characteriza-
tion of OTS, it was lauded as a MELK-specific inhibitor. How-
ever, the authors never showed any data to prove this claim—
not a single selectivity experiment was presented in this or
subsequent studies (10). It has since been revealed that OTS has
remarkably poor selectivity for MELK. In a landmark study by
Klaeger et al. (13), researchers used an established MS-based
selectivity profiling method (kinobeads) to measure the selec-
tivity of 243 Food and Drug Administration—approved and
clinical kinase inhibitors. OTS was specifically labeled as a “very
broad multikinase inhibitor,” with poorer selectivity than 75%
of all molecules that were tested. While a potent inhibitor of
MELK (K ,**? = 29 nm), OTS was classified as having 107 other
protein kinase targets at this concentration. Further, the bind-
ing affinity of OTS for MELK is lower than its binding affinity
for 15 other protein kinases (see supporting material of the
Klaeger et al. study (13) for quantifications). Using a similar
MS-based selectivity-profiling method (MIB/MS), our group
recently confirmed the low specificity of OTS (14). We showed
that 12 protein kinases were inhibited more than MELK by 1
uM OTS, and 52 kinases (of 235 that were quantified) were
inhibited =75% at this concentration. Strikingly, 8 of the 12
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kinases that we found to be higher-affinity OTS binders than
MELK overlapped with the 15 high-affinity binders identified
by Klaeger et al. (13). These kinases (CSNK2A2, RIPK2,
CSNK2A1/3, GAK, STK10, DYRK1A, LATS1, and TAOKS3)
should thus be considered bona fide high-affinity targets of
OTS. Finally, another study profiled the selectivity of this com-
pound using an in vitro platform (DiscoverX), revealing that
100 nm OTS inhibited 189 of 403 kinases >65%, and 69 of 403
kinases >99% (48).

For certain, there is a lesson to be learned here: one should
not simply take authors at their word without analyzing the
data underlying a statement or conclusion. However, numerous
groups have used, and continue to use, OTS for studies of
MELK function, simultaneously parroting the original claim
that it is a selective MELK inhibitor and failing to present any
data to back up that claim. This has created a self-reinforcing
cycle, whereby each group assumes that others have done the
diligence of validating that OTS is truly MELK-specific.

Undoubtedly, the widespread use of OTS as the primary
inhibitor for functional MELK studies has facilitated the enig-
matic nature of this kinase. It is impossible to draw conclusions
about the functions of a kinase using a small-molecule tool
compound that inhibits over a dozen kinases with similar
potency as that for MELK. We also would like to explicitly dis-
pel the notion that OTS may have improved selectivity at low
concentrations. This is a wholeheartedly counterintuitive state-
ment, and one that has been disproven by the aforementioned
work of Klaeger et al. (13). One would expect the selectivity
profile of OTS to remain unchanged at lower concentrations,
such that MELK and off-target kinases are all inhibited to a
lesser extent, but the proportionality of inhibition is main-
tained. It would be quite surprising to find that, at lower con-
centrations, MELK remains highly inhibited, while off-target
inhibition simply falls away. Unless, and until, data are pre-
sented proving that OTS has improved selectivity at low con-
centrations, it must be considered a poorly selective inhibitor
regardless of the concentration at which it is used. Accordingly,
we recommend that OTS not be used for any future functional
studies of MELK. As an alternative, NVS-MELKS8a should be
used, as it has been shown to exhibit excellent selectivity in both
enzyme- and cell-based assays (14, 39). Further characteriza-
tion of other seemingly selective inhibitors, such as MELK-T1
(40, 49), would also be beneficial to the field.

Compelling evidence of MELK’s importance in cancer is pro-
vided by some results. Numerous studies have demonstrated
that RNAi-mediated MELK knockdown slows proliferation,
induces apoptosis, and decreases migration and radioresistance
of cancer cells. Whereas it has been documented that RNAi
approaches often have off-target silencing effects (50), the use
of multiple shRNAs or siRNAs in a single study hedges against
this possibility. When it is observed that they all cause similar
phenotypes, it suggests that depletion of the common target of
the sh/siRNA (i.e. MELK) was responsible for the observed phe-
notypes. When this is expanded to a large number of studies
(~30, compiled in a commentary by Settleman et al. (51)) com-
pleted by separate groups, all showing evidence of similar anti-
proliferative phenotypes in varied cancers, it provides quite
strong evidence that the phenotypes observed are due to MELK
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loss as opposed to off-target effects. Even stronger evidence
that the observed antiproliferative effects are due specifically to
MELK loss were provided by the studies showing successful
rescue experiments. Six studies, all completed by different
groups, have rescued the effects of MELK knockdown with
exogenous MELK expression (6, 17, 23, 26, 37, 38), including at
least two that demonstrated a failure to rescue with kinase-dead
MELK (17, 38).

The only partially contrasting results come from the study
that used CRISPRI to show that depletion of MELK transcript
had no significant growth effect in TNBC cells (16). This has
only been demonstrated in one study, compared with a large
body of work demonstrating that MELK depletion with RNAi
has antiproliferative effects. It is thus imperative to further test
and expand upon these CRISPRi results. Further, it is important
to note that CRISPRi is an orthogonal approach to RNAj, not an
identical one. Differences in observed effects may therefore be
due to technical differences between the approaches. This
CRISPRI result also does not account for or explain the results
observed with rescue experiments. The only effort ever made to
rebut rescue experiment results appeared in the discussion of
the paper that showed no growth phenotype following CRIS-
PRi-mediated MELK depletion (16). The authors stated that,
“Since the previous study was able to rescue the antiprolifera-
tive activity observed for sctMELK-2 using an shRNA-resistant
MELK (Wang et al., 2014), we postulated that the potential
off-target of sShMELK-2 might only manifest its effect in the
presence of MELK knockdown, a so-called ’synthetic lethal’
interaction.” Absent any data to support this claim, we find this
to be an extremely unlikely scenario to have occurred in one
study, and a near-impossibility when considering that six inde-
pendent groups, each using different RNAi knockdown and
rescue reagents, have successfully rescued growth phenotypes
with exogenous MELK.

Still on the side of the controversy rebutting a MELK require-
ment, there are three studies that have demonstrated that
CRISPR-mediated MELK knockout has no effect on prolifera-
tion of TNBC and other cancer cells (16, 18, 45). Recently, con-
trasting results have been presented, indicating that MELK
knockout induces apoptosis and slows proliferation of chronic
lymphocytic leukemia cells (36), although the former three
studies were more thorough in their analyses of MELK deletion
and subsequent growth assays. It is possible that technical or
cell line—dependent differences account for the conflicting
results between these studies. Importantly, in the studies that
showed no growth phenotype as a result of MELK knockout,
the methods used do not preclude the possibility that cellular
reprogramming of signaling pathways occurred to circumvent
MELK loss and restore normal growth. There are numerous
examples in the literature of cellular reprogramming in
response to pharmacological inhibition and RNAi. Duncan et
al. (52) used a chemical proteomics technique known as
MIB/MS to show that, in response to MEK inhibition with
AZD6244 (selumetinib) or depletion with RNAi, kinome repro-
gramming occurs to increase signaling through PDGFRS and
other receptor tyrosine kinase pathways. Notably, this cellular
reprogramming was observed as soon as 24 h after treatment
and ultimately acted to restore normal proliferation (52). We
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direct the reader to a review by Graves et al. (53) for more
examples and an in-depth discussion of the phenomenon of
kinome reprogramming. To our knowledge, cellular repro-
gramming in response to CRISPR/Cas9 genome editing has not
been similarly investigated. We recommend that MS-based
approaches be employed to begin to interrogate signaling path-
way reprogramming that may occur as a result of MELK knock-
out in cancer cells.

Whereas the CRISPR studies showed compelling evidence
that MELK is not a cancer cell dependency, efforts should be
made to more comprehensively characterize MELK knockout
cell lines. There is at least one documented instance of pur-
ported knockout cell lines actually still expressing splice vari-
ants of the targeted protein. Bub1l was thought to be essential
for proper functioning of the spindle assembly checkpoint
(SAC), until CRISPR-mediated Bubl knockout cells were
shown to have a functional SAC. Recently, however, RT-PCR
and MS-based approaches were used to show that these Bubl
“knockout” cells still expressed low levels of alternatively
spliced Bub1 or Bub1 protein with a small deletion. Subsequent
experiments demonstrated that Bub1 is indeed essential to the
SAC and that very low levels of Bub1 were sufficient to restore
normal SAC functioning (54-56). This level of evasion of
CRISPR-mediated gene deletion is almost certainly more of an
exception than a rule. Nonetheless, given the unexpected dis-
parate findings in the MELK field, we advocate for further char-
acterization of MELK knockout cell lines using MS-based and
RNA-Seq approaches, to explore the possibility that these cells
express alternatively spliced MELK or other gene- or protein-
level adaptations that evade complete MELK knockout.

Overall, assuming no technical shortcomings, CRISPR-based
results indicate that MELK is not a strict requirement for can-
cer cell proliferation. The abundant RNAi studies, however,
indicate that MELK does play an important yet poorly defined
role in cancer. How does the field rectify this apparent paradox?
One possible explanation is that MELK is dispensable under
some conditions, but required, or at least highly important,
under others. In this vein, members of the group that initially
labeled MELK essential for BLBC cell proliferation (17), and
later showed it was not necessary for proliferation of these cells
(16), recently published a study indicating that TNBC cells have
a conditional dependence on MELK for growth (19). In this
study, TNBC cells were transduced with a gRNA (plus Cas9)
that caused efficient reduction of MELK expression and
infected cells were selected with antibiotic. As with the
approach utilized in the first MELK CRISPR study (selection of
GFP+ MELK-null cells) (18), a heterogeneous population of
cells was used as opposed to clonal selection. MELK knockout
was shown to have no effect on the proliferation of TNBC cells
in short-term growth assays, in which cells were seeded at
medium to high density (MDA-MB-231 cells, 50,000 cells/well
seeded on a 12-well plate, 3-day assay). However, when MELK
was depleted and cells were seeded at low density (MDA-MB-
231 cells, 500 cells/well seeded on a 12-well plate, 10-day assay),
they exhibited markedly slower proliferation relative to control
cells. These experiments were also completed with gRNAs tar-
geting the essential mitotic genes AURKB and PLK1 and the
oncogenes KRAS and MYC. CRISPR-mediated depletion of
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AURKB and PLK1 slowed proliferation of cells seeded at high
or low densities, indicating that the effects of knockout of truly
essential genes occur independently of assay conditions. Deple-
tion of KRAS and MYC caused moderate decreases in prolifer-
ation (50%) when cells were seeded at high densities and more
markedly impaired proliferation (>90%) when seeded at lower
densities (19). Collectively, these results suggest that MELK is
likely not universally essential in cancer cells, but under specific
growth conditions, MELK expression seems to be important.
MELK may conditionally function as an oncogene without
being a strict essentiality for cancer cells.

Authors of some of the CRISPR studies have suggested that
MELK does not play an important role, or may not even play
any role, in mammalian biology and the cell cycle progression of
cancer cells (18, 45). However, the fact that MELK expression is
cell cycle-regulated (17, 28, 57, 58) and that the up-regulation
of MELK in cancer correlates with up-regulation of many
other important or essential mitotic genes, including CDK1,
CCNBI1/2, TOP2A, AURKB, PLKI, and BUBI (8, 24, 30-33),
suggests that MELK plays a role in cancer cell proliferation
despite negative results from CRISPR studies. Why would
MELK be cell cycle-regulated and consistently up-regulated in
concert with many essential mitotic proteins if it did not con-
tribute to these processes? There are a few possible explana-
tions for the observations that MELK expression is tightly cor-
related with the cell cycle, yet MELK knockout does not perturb
growth. In line with the conditional dependency hypothesis, it
is possible that MELK acts as a functional redundancy for a
specific cell cycle pathway, such that MELK is nonessential dur-
ing normal cell cycling but becomes required under certain
conditions. Conversely, there may be a functional redundancy
for MELK, such that total loss of MELK (i.e. CRISPR knockout)
allows for compensatory reprogramming of signaling networks,
whereas RNAi-mediated partial MELK depletion does not trig-
ger the reprogramming necessary to shift to this redundant
pathway.

The MELK controversy has underscored a few important
scientific principles. First, it is imperative not to overinterpret
negative results, as there are a wide variety of potential expla-
nations for the lack of any observed phenotype, ranging from
functional or biological to purely technical or methodological,
as the Bub1 CRISPR story illustrates. Second, technical consid-
erations, while often only given cursory attention in publica-
tions, are vitally important. The observation that CRISPR-me-
diated MELK depletion has differing effects in TNBC cells
depending upon cell density serves as an illustration of this.
Third, when orthogonal approaches do not give identical
results, it does not necessarily mean that one result is correct,
whereas the other is incorrect. Rather, a more complex and
interesting biological explanation may be underlying the seem-
ingly discordant results.

To expand upon the third principle in the context of the
MELK controversy, authors of the CRISPR studies have
attempted to conclude that MELK is not important for cancer
cell proliferation and that MELK is not a viable therapeutic
target. Neither of these assertions are definitively supported by
their results demonstrating no growth phenotype following
CRISPR-mediated MELK deletion. Whereas these studies have
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provided strong evidence that MELK is not essential to cancer
cells, they have done nothing to rebut the studies that coupled
RNAi depletion with rescue, indicating that MELK is important
for proliferation, and the therapeutic viability of inhibiting
MELK should not yet be fully discounted, particularly in com-
bination with other chemotherapeutic agents. It is vitally
important to recognize that CRISPR-mediated genetic knock-
out, RNAi-mediated transcript depletion, and pharmacological
inhibition are three orthogonal but fundamentally different
approaches. Whereas some view CRISPR technologies as a uni-
versal improvement over RNAi-based approaches, this view is
not entirely accurate. Off-target effects are less prevalent with
CRISPR than RNAI, but both techniques still have their advan-
tages and limitations (59-62). Results obtained with RNAi
knockdown and subsequent rescue, long considered the gold
standard for functional studies, still hold tremendous value, as
this approach mitigates the off-target effects of RNAI. Further,
RNAI offers greater temporal control of target depletion than
CRISPR, which may be important especially when there is a
possibility of signaling pathway reprogramming. Whereas
CRISPR technologies are undeniably powerful, they are also
still relatively new, with CRISPR first being used for genome
editing in 2013 (63). Some aspects of CRISPR/Cas9 gene editing
are still not entirely understood, including central parts of the
technology, such as prediction of the on- and off-target DNA-
cutting efficiency of specific gRNAs (59, 60). The scientific
community is still uncovering some of the intricacies of this
powerful yet complex approach. As such, negative results
obtained with CRISPR should be continually re-evaluated as
new information becomes available. Finally, the advent and
widespread implementation of CRISPR for functional studies
does not render RNAi-based approaches obsolete, particularly
when coupled with exogenous complementation.

The field should continue to investigate the controversy con-
cerning the requirement of MELK in cancer. The role of MELK
in cancer, and in specific cellular processes, is poorly under-
stood (reviewed in 2017 by Pitner et al. (20)). Future efforts to
better understand the functions of MELK in cancer will likely
shed light on the mechanism underlying discordant results
observed with CRISPR and RNAi, which could be broadly
applicable to functional studies of other proteins using these
techniques. Some studies have begun to investigate the specific
conditions under which MELK expression seems to be
required, but the conditions tested thus far are certainly not
comprehensive (19, 45). Efforts to elucidate the specific condi-
tions under which MELK is important for cancer cell prolifer-
ation will be a crucial step toward a more complete functional
understanding of MELK. There are seemingly more questions
than answers in the MELK field at the present moment, under-
scoring the importance of continued efforts to investigate the
functions of this enigmatic kinase.
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