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Abstract

Acute myeloid leukemia (AML) is an aggressive disease for which only few targeted therapies are available. Using high-
throughput RNA interference (RNAI) screening in AML cell lines, we identified LIM kinase 1 (LIMK1) as a potential novel
target for AML treatment. High LIMKI expression was significantly correlated with shorter survival of AML patients and
coincided with FLT3 mutations, KMT2A rearrangements, and elevated HOX gene expression. RNAi- and CRISPR-Cas9-
mediated suppression as well as pharmacologic inhibition of LIMK1 and its close homolog LIMK?2 reduced colony formation
and decreased proliferation due to slowed cell-cycle progression of KMT2A-rearranged AML cell lines and patient-derived
xenograft (PDX) samples. This was accompanied by morphologic changes indicative of myeloid differentiation. Transcriptome
analysis showed upregulation of several tumor suppressor genes as well as downregulation of HOXA9 targets and mitosis-
associated genes in response to LIMK1 suppression, providing a potential mechanistic basis for the anti-leukemic phenotype.
Finally, we observed a reciprocal regulation between LIM kinases (LIMK) and CDK®6, a kinase known to be involved in the
differentiation block of KMT2A-rearranged AML, and addition of the CDKG6 inhibitor palbociclib further enhanced the anti-
proliferative effect of LIMK inhibition. Together, these data suggest that LIMK are promising targets for AML therapy.

Introduction
Acute myeloid leukemia (AML) is an aggressive malignancy

with an average five-year survival of ~28% [1], although
prognosis varies considerably between genetic subtypes [2].
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individuals, who constitute the majority of AML patients, are
often not eligible for intensive treatment [5]. As a con-
sequence, targeted therapies that selectively inhibit malignant
cells, but spare healthy tissue, are urgently needed. Recent
approvals of agents such as the FLT3 inhibitor midostaurin for
FLT3-mutant AML [6] or the IDH inhibitors ivosidenib and
enasidenib for IDH-mutant AML [7, 8] highlight the promise
of targeted treatment approaches. However, a significant
proportion of patients are refractory or develop resistance to
these inhibitors. In addition, ~50% of patients harbor neither
FLT3 nor IDH mutations [9], underscoring that additional
molecular targets are required, especially in the context of
currently “undruggable” driver alterations, such as NPMI,
TP53, and RAS mutations or many oncogenic fusion proteins.

LIM kinase 1 and 2 (LIMKI/LIMK2) are ubiquitously
expressed dual-specificity kinases that are primarily known for
their role in regulating cell motility via phosphorylation of the
actin depolymerization factor cofilin 1 (CFL1) at serine 3
(ref. 10, 11). LIM kinases (LIMK) have been shown to drive
tumor cell migration, invasion, and metastasis formation in
several epithelial cancers [12—15]. In addition, they can pro-
mote proliferation and tumor growth [15, 16], at least partially
by regulating microtubule dynamics and mitotic spindle for-
mation [17-19]. Given these pro-tumorigenic functions, sev-
eral LIMK inhibitors have been developed; however, none of
them have been sufficiently optimized to enter clinical trials
[20]. A potential role of LIMK in leukemia, and AML in
particular, is less clear. In 2014, Oku et al. showed that
pharmacologic inhibition of LIMK and their upstream reg-
ulator Rho Associated Coiled-Coil Containing Protein Kinase
(ROCK) reduced proliferation and induced apoptosis in T-cell
leukemia cells [21]. Recently, the RHOB small GTPase was
found overexpressed in children with relapsed t(8;21)-positive
AML, which resulted in elevated cofilin phosphorylation —
presumably in a LIMK-dependent manner — and was paral-
leled by enhanced migration and drug resistance [22].

In this study, we used RNA interference (RNAI)
screening to identify LIMK as novel dependencies of AML
cell lines and PDX samples, and found that high LIMKI1
expression correlates with disease-defining genetic aberra-
tions and poor patient outcome. Furthermore, we observed a
reciprocal regulation between LIMK and CDK®6, providing
a rationale for a combination therapy approach.

Results

LIMK1 expression correlates with AML patient
outcome and genetic subtypes

To discover novel essential genes in AML, we analyzed
RNAI screens previously conducted in three AML cell lines
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that harbor no immediately targetable genetic alterations
(U937, HL-60, and OCI-AML3) [23]. We identified 13
genes whose targeting by at least three independent short
hairpin RNAs (shRNAs) reduced viability in all three cell
lines (Fig. 1a). From these candidates, we excluded one core-
essential gene (RIOKI) as defined previously [24, 25]. To
eliminate additional false positives, we evaluated, using
publicly available RNA sequencing (RNA-seq) data [26, 27],
whether the remaining candidate genes were expressed in the
screening cell lines. Except for EGFR, all candidate genes
showed sufficient expression levels across all three cell lines
(Fig. 1a), indicating that our analysis pipeline identified a
high-confidence gene set. LIMKI was the only gene that
scored with at least four different shRNAs in each cell
line, and we found a significant association between high
expression and shorter overall survival for LIMKI (Fig. 1b),
but not the other candidate genes (Fig. S1A), in The Cancer
Genome Atlas (TCGA) AML dataset [9]. Taking further into
consideration that tumorigenic functions of LIMK had been
reported in several cancer entities, whereas their role had not
been investigated in AML, and that pre-clinical small-mole-
cule inhibitors were already available, we prioritized LIMK1
for further validation.

Next, we investigated if high LIMKI expression is
associated with specific AML subtypes. We therefore
examined data from the Microarray Innovations in Leuke-
mia (MILE) study [28-30] and observed significantly higher
LIMK] mRNA levels in normal karyotype and KMT2A-
rearranged AML, but not in other genetic subtypes, com-
pared to healthy bone marrow samples (Fig. 1c). RNA-seq
data from the TCGA AML cohort confirmed this association
(Fig. S1B). Since normal karyotype AML is frequently
characterized by recurrent driver alterations, such as NPM1,
FLT3, DNMT3A, IDH1/2, TET2, CEBPA, RAS, and RUNX]
mutations, we queried the TCGA AML dataset to evaluate
whether the mutation status of these genes is linked to
LIMK]1 expression. Multivariable regression analysis con-
firmed the association between normal karyotype and high
LIMK] levels, and further revealed a significant correlation
between FLT3 mutations and high LIMKI expression,
whereas IDHI or IDH2 mutations showed a trend towards
lower LIMK]I levels (Fig. 1d). Within the subset of FLT3-
mutated samples (n = 35), additional DNMT3A and NPM1
mutations appeared to correlate with further increased
LIMK]1 levels (Fig. S1C), but these observations were not
statistically significant, potentially due to low case numbers.

In a complementary approach to investigate if certain
driver alterations are associated with LIMK expression, we
performed Gene Set Enrichment Analysis (GSEA) [31]
following differential gene expression analysis of TCGA
AML patients with high and low LIMKI expression. This
revealed an enrichment of gene signatures driven by
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Fig. 1 High LIMKI expression in AML is associated with patient
survival and genetic subgroups. a Results of RNAi screens in HL-60,
U937, and OCI-AMLS3 cell lines. The Venn diagram shows the number
of candidate essential genes scoring with at least three independent
shRNAs in each cell line. The heatmaps display the number of scoring
shRNAs (blue) and mRNA expression using RNA-seq data from the
Cancer Cell Line Encyclopedia (red; downloaded from www.depmap.
org, version 19Q1) of twelve common candidate genes. TPM, tran-
scripts per million. b Survival of AML patients from the TCGA
study (n=132) with LIMKI mRNA expression above the median
(LIMKI"€") and below the median (LIMKI"Y). Statistical significance
was assessed by log-rank test. ¢ LIMKI mRNA expression according
to cytogenetic subtype from the Leukemia MILE study (MLL =

KMT?2A rearrangements or mutant NPMI in samples with
high LIMK]I expression (Fig. le), suggesting that NPMI
mutations may in fact correlate with LIMKI levels.

LIMK1_low

LIMK1_high LIMK1_low

KMT2A). Data were downloaded from www.bloodspot.eu. Black
bars indicate the median. Statistical significance was assessed by
one-way ANOVA with Dunnett’s correction for multiple comparisons
(each condition vs. healthy bone marrow). The non-indicated com-
parisons were not significant (P>0.05). ****P <(0.0001. d Multi-
variable regression analysis with backward variable selection to assess
associations between recurrent AML driver mutations and LIMK]
expression. Coef, coefficient, S.E., standard error. e Enrichment of gene
expression signatures associated with rearranged KMT2A (MLL =
KMT?2A, left panel) and mutant NPM] (right panel) in TCGA AML
patients with high LIMK] expression. The analysis was performed with
the 10% highest (n = 13) and 10% lowest (n = 13) LIMK-expressing
TCGA AML patients.

Together, these results show that AML driver mutations
affecting KMT2A, FLT3, and possibly NPM1 are associated
with high LIMK] expression.
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LIMK depletion reduces proliferation and colony
formation of KMT2A-rearranged and FLT3-mutant
AML cells

Since we observed high LIMKI expression in KMT2A-rear-
ranged AML patient samples, we directed the subsequent
functional characterization of LIMKI1 to this aggressive sub-
type. To determine the dependency of KMT2A-rearranged cell
lines on LIMKI, we performed competitive proliferation
assays, in which cell lines were transduced with LIMKI- or
non-targeting shRNA vectors co-expressing GFP, and the
number of transduced, GFP-positive cells relative to non-
transduced cells was monitored over time using flow cyto-
metry. We found that LIMK1 depletion conferred a significant
proliferation disadvantage compared to non-transduced cells
in three KMT2A-rearranged cell lines, with the more efficient
shRNA (shLIMKI1_2) resulting in stronger cell reduction
(Figs. 2a and S2A). Similarly, we observed a significant
decrease in colony formation upon LIMKI1 suppression
(Figs. 2b and S2B). To verify these findings, we generated
LIMK1 knockout cells by expanding single-cell clones from
THP-1 cells transduced with three independent single guide
RNAs (sgRNAs) targeting either LIMKI or mCherry as a
control. In accordance with the RNAi experiments, prolifera-
tion and colony formation were significantly reduced in
LIMKI1 knockout clones compared to the controls (Figs. 2c, d
and S2C). In line with these observations, 5-ethynyl-2’-
deoxyuridine (EdU) incorporation was decreased upon
LIMK1 suppression, suggesting slowed cell-cycle progression
(Fig. S2D). In addition, we observed distinct morphologic
changes, such as vacuolization and increased cell size and
cytoplasm-to-nucleus ratio, which are indicative of enhanced
myeloid differentiation (Fig. 2e). Apoptotic cell death was not
induced as neither PARP cleavage (Fig. S2E) nor an increase
of annexin V-positive cells (data not shown) was detected.
Since LIMK?2 is a close homolog of LIMKI1, we eval-
uated if LIMK?2 suppression results in a similar phenotype
as LIMKI1 depletion. In the initial RNAi screen, LIMK2
was only represented by three ShRNAs and therefore did not
score due to our stringent selection criteria. Similar to
LIMK1 depletion, knockdown of LIMK2 significantly
decreased proliferation and colony formation of THP-1 cells
and induced morphologic changes (Figs. 2f, g and S2F, G),
indicating that both LIMK family members are equally
important for AML cells. To further substantiate our find-
ings, we suppressed LIMK1 and LIMK2 in two patient-
derived xenograft (PDX) AML samples harboring KMT2A
translocations and measured colony formation in methyl-
cellulose. In accordance with our observations in cell lines,
loss of LIMK1 or LIMK?2 resulted in significantly decreased
colony formation in primary patient samples (Fig. 2h).
Finally, we investigated whether cell lines harboring
genetic alterations other than KMT2A rearrangements would
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also respond to LIMK inhibition, with a focus on FLT3
mutations because of their association with high LIMK]I
levels. We performed competition assays in three FLT3-
mutant cell lines as well as K562 cells (driven by BCR-
ABL1), and found that all FLT3-mutant lines were highly
sensitive to depletion of LIMK1 or LIMK2 (Fig. S2H).
K562 cells were not affected, indicating that LIMK sup-
pression is not generally toxic, which is an important con-
sideration with regard to possible clinical applications.

Together, these data indicate that LIMK1 and LIMK?2 are
involved in maintaining leukemic characteristics of AML
cells of different genetic backgrounds, including KMT2A-
rearrangements and FLT3 mutations, corroborating that
LIMK represent promising therapeutic targets for a broad
spectrum of AML patients.

LIMK1 regulates expression of tumor suppressor
and HOXA9 target genes

To obtain insights into the molecular function of LIMK1 in
AML cells, we determined transcriptional changes by RNA-
seq in THP-1 cells transduced with a non-targeting control
(NTC) or two independent shRNAs targeting LIMKI. We
detected 362 deregulated genes, many of which are
involved in oncogenic signaling and tumorigenesis [32-46]
(Fig. 3a, Table S1). Among the top upregulated genes upon
LIMK1 knockdown were several known tumor suppressor
genes, including EGR/ (ref. 36-38), BTG2 (ref. 39-41), and
BINI (ref. 42-44). In support of its tumor-suppressive
function, high EGRI expression correlated with better sur-
vival of AML patients, although this association was not
statistically significant (Fig. 3b). On the other hand,
LIMK1 suppression resulted in downregulation of LSPI,
which has recently been implicated in leukemogenesis [45],
and PAQRS, which has been described in the context of
ovarian and endometrial cancer [46, 47]. The link between
these two genes and LIMK1 was further substantiated by
the observation that their expression was significantly
higher in LIMKI"#" compared to LIMKI™" patient samples
(Fig. 3c). Furthermore, high expression of LSPI or PAQRS
was significantly correlated with shorter survival of AML
patients (Fig. 3d), indicating a pro-leukemogenic role of
these genes.

In consonance with the anti-proliferative effect of LIMK1
knockdown, GSEA revealed downregulation of genes
involved in cell-cycle progression (Fig. S3A). In particular,
genes associated with centrosome regulation and sister chro-
matid segregation and cohesion were significantly depleted
following LIMKI1 knockdown, suggesting induction of
mitotic defects. GSEA further showed deregulation of
HOXAD9-associated gene sets upon LIMKI depletion, as
genes induced by conditional expression of Hoxa9 and Meis1
in hematopoietic precursor cells [48] were downregulated in
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LIMK1 knockdown samples (Fig. 3e, left panel). Similarly,
genes showing reduced expression upon HOXA9 knockdown
[49] were downregulated upon LIMK1 suppression (Fig. 3e,

right panel), suggesting that LIMK1 promotes transcriptional
activity of HOXA9. In support of a potential link between
LIMK1 and HOX genes, differential gene expression analysis
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Fig. 2 Genetic suppression of LIMK1/2 inhibits proliferation and
colony formation of KMT2A-rearranged AML cell lines. a Com-
petition assay of three KMT2A-rearranged AML cell lines transduced
with two LIMK-targeting shRNAs or NTC co-expressing GFP. GFP-
positive cells were monitored by flow cytometry for 17 days starting
three days post-transduction. Statistical analysis was performed on log-
transformed data for the final day of the experiment by unpaired t-tests.
*P<0.05, ***P<0.001, ****P<(0.0001. b Colony formation in
methylcellulose after nine days of KMT2A-rearranged AML cell lines
transduced with two LIMKI-targeting shRNAs or NTC. Statistical
analysis was performed by unpaired t-tests. *P <0.05, ***P <0.001.
ns, not significant (P > 0.05). ¢ Proliferation determined by manual cell
counting of THP-1-derived LIMK1 knockout and control (sgmCherry)
clones. Each LIMK1 knockout clone was generated with a different
sgRNA. Error bars indicate the standard deviation of three individual
clones. Lines indicate the fitted model for exponential growth. Sta-
tistical significance for the corresponding proliferation constants was
assessed by an unpaired t-test. ***P <(0.001. d Colony formation in
methylcellulose of THP-1-derived LIMKI knockout and control
(sgmCherry) clones after ten days. Each LIMK1 knockout clone was
generated with a different sgRNA. Statistical significance was assessed
by an unpaired t-test. *P < 0.05. e May-Griinwald-Giemsa-stained
cytospin preparations of KMT2A-rearranged AML cell lines eight days
after transduction with two LIMK]I-targeting shRNAs or NTC. Ori-
ginal magnification, x40. Insets show 1.5-fold magnified details of the
corresponding photographs. f Competition assay of THP-1 cells
transduced with two LIMK2-targeting shRNAs or NTC co-expressing
GFP. GFP-positive cells were monitored for 17 days starting three
days post-transduction. Statistical analysis was performed on log-
transformed data for the final day of the experiment by unpaired t-tests.
*###%P <0.0001. g Colony formation in methylcellulose of THP-1
cells transduced with LIMK2-targeting shRNAs or NTC after nine
days. Statistical analysis was performed by unpaired t-tests. *P < 0.05.
h Colony formation in methylcellulose after eleven days of two
KMT2A-rearranged PDX samples transduced with LIMKI- or LIMK2-
targeting shRNAs or NTC. For PDX AML-388, two technical repli-
cates are shown. Statistical analysis was performed by unpaired t-tests.
*P<0.05, #*P<0.01.

of AML patient samples from the TCGA study showed sig-
nificantly higher expression of nearly all HOXA and HOXB
genes in LIMKI"¢" samples compared to LIMKI'®" samples
(Figs. 3f and S3B, Table S2), and HOXA9 and LIMK] mRNA
levels were significantly correlated (Fig. S3C). However,
mRNA levels of HOXA9 and its established cofactors were
unchanged upon LIMKI1 suppression according to our RNA-
seq data (Fig. S3D), suggesting that LIMK1 might promote
HOXADY function by a post-transcriptional mechanism.
Together, these data indicate that LIMKI promotes leu-
kemogenesis by inhibiting the expression of tumor suppressor
genes as well as by driving LSP/ and PAQRS expression and
promoting the activity of HOX transcription factors.

AML cells show reciprocal regulation of LIMK and
CDK6

We previously identified an anti-differentiation function of
CDK6 in KMT2A-rearranged AML cells, and genetic and
pharmacologic CDK6 inhibition results in myeloid differ-
entiation [23]. Since high LIMKI expression is also
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associated with KMT2A-rearranged AML and LIMK sup-
pression induces the same phenotypic changes as CDK6
inhibition in this AML subtype, we wondered whether there
is a link between CDK6 and LIMK. In line with this
hypothesis, we observed increased CDK6 expression upon
LIMK1 or LIMK2 suppression in THP-1 (Fig. 4a) and
NOMO-1 (Fig. S4A) cells. Interestingly, LIMK2 suppres-
sion was also accompanied by upregulation of LIMKI,
indicating that LIMK1 can partially compensate the loss of
LIMK?2. On the other hand, CDK6 knockdown resulted in
upregulation of LIMKI1, but not LIMK2, and the more
efficient ShRNA also induced phosphorylation of LIMK’s
major substrate CFL1 (Fig. 4b). The latter observation could
be confirmed in a series of THP-1-derived CDK6 knockout
clones, which showed strongly increased levels of phospho-
CFL1 compared to control clones (Fig. 4¢), suggesting that
CDKG6 depletion leads to induction of LIMK activity.

A reciprocal regulation between LIMKI1 and CDK6 was
also evident in a KMT2A-rearranged PDX sample, as sShRNA-
mediated CDK6 knockdown resulted in increased LIMKI
expression and CFL1 phosphorylation, whereas LIMKI
depletion led to upregulation of CDK6 (Fig. 4d). Similarly,
suppression of either Cdk6 or Limk1 in KMT2A-MLLT3 and
NRASY'?P_transformed murine bone marrow cells resulted in
upregulation of the other gene as well as of Limk2, although
these observations were dependent on the time point investi-
gated (Fig. S4B). Finally, treatment of several KMT2A-rear-
ranged AML cell lines with the CDK4/6 inhibitor palbociclib
induced CFL1 phosphorylation (Fig. 4e), indicating that
inhibition of CDK6’s kinase activity is sufficient for this effect.
Together, these observations suggest that the reciprocal reg-
ulation between CDK6 and LIMK might serve as a compen-
satory mechanism in response to inhibition of either protein.
Indeed, palbociclib treatment further reduced proliferation and
colony formation of LIMK1 knockout clones (Fig. 4f). Two-
way ANOVA revealed a significant interaction between pal-
bociclib treatment and LIMK1 knockout for colony formation,
indicating a synergistic effect; however, no interaction
was observed for proliferation, suggesting an additive effect.
Furthermore, the differentiated cell morphology induced by
LIMK1 depletion was markedly enhanced by addition of
palbociclib (Fig. 4g).

Finally, we tested whether the combinatorial effect could
be recapitulated by using pharmacologic instead of genetic
LIMK inhibition. Proliferation of THP-1 cells was sig-
nificantly reduced upon treatment with palbociclib or a
highly potent LIMKI1/LIMK2 inhibitor (LIMKi3) [50]
alone and was further decreased by the combination of both
inhibitors (Figs. 4h and S4C). Of note, both the reduction in
proliferation and the morphologic changes induced by
genetic LIMK inhibition were more pronounced compared
to LIMKi3 treatment (Figs. 4g and S4D), indicating that the
effects of LIMK depletion might be at least partially
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Fig. 3 Transcriptome analyses identify potential effectors of
LIMKI. a MA plots showing deregulated genes in THP-1 cells eight
days after transduction with two independent LIMKI-targeting
shRNAs in biological duplicates followed by RNA-seq. Colors indi-
cate the significance level (red: P <0.05, gray: P>0.05). LIMKI, as
well as selected genes known to play a role in tumorigenesis and
oncogenic signaling, are highlighted. One gene (SMPDL3B; x = 1.37,
y=—5.28, P=0.028) is not included in the right panel to allow
increased resolution of the plot. nrc, normalized read count. b Survival
of TCGA AML patients with high (expression above median) and low
(expression below median) EGRI mRNA levels (n = 132). Statistical
significance was assessed by log-rank test. ¢ TCGA AML RNA-seq
data for LSP1 and PAQRS depending on LIMK] expression status. The
analysis was performed with the 10% highest (n = 13) and 10% lowest

e P<0.01 e P>0.01

(n=13) LIMK]I-expressing patients. Statistical significance was
assessed by an unpaired t-test. *P < 0.05, **P <0.01. TPM, transcripts
per million. d Survival of TCGA AML patients with high (above
median) and low (below median) expression of LSP/ or PAQRS (n =
132). Statistical significance was assessed by log-rank test. e Enrich-
ment of HOXA9-related gene sets in the transcriptome of THP-1 cells
after LIMK1 knockdown (shown in a). Genes were pre-ranked based
on the mean log,(normalized read count shLIMK1/normalized read
count NTC) of both shRNAs. KD, knockdown. f High expression of
HOXA and HOXB genes in LIMKI"" (n = 13) vs. LIMKI™ (n = 13)
TCGA AML patients. Significance levels (adjusted P value) are
indicated by red or gray color, respectively. Missing HOX genes did
not pass the expression cut-off (TPM >0.41).
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attributable to a kinase-independent function. In summary,
these data suggest that a compensatory feedback loop
increases expression and/or activity of LIMK upon CDK6
inhibition and vice versa to preserve survival of AML cells,
providing a rationale for a combination therapy approach.

Discussion

Despite an improved understanding of AML pathogenesis,
AML treatment still relies on cytotoxic chemotherapy in
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most cases. Particularly older individuals, who constitute
the majority of AML patients, are often not eligible for
intensive treatment, so that less toxic, molecularly targeted
therapies are highly desirable. Here, we identified LIMK1
and LIMK?2 as potential targets for AML therapy.

High LIMKI expression was associated with several
AML driver alterations such as KMT2A rearrangements as
well as FLT3 and NPMI mutations. Of note, NPMI muta-
tions and KMT2A rearrangements as well as DNMT3A
mutations, which showed a trend toward further increased
LIMKI levels in FLT3™YNPMI™' cases, have been



Requirement for LIM kinases in acute myeloid leukemia

3181

Fig. 4 CDK6 and LIMK are reciprocally regulated. a Western blot
of THP-1 cells transduced with LIMKI- or LIMK2-targeting ShRNAs
or NTC. Lysates were prepared eight days after transduction.
b Western blot of THP-1 cells transduced with CDK6-targeting
shRNAs or NTC. Lysates were prepared eight days after transduction.
The result is representative of two independent experiments. ¢ Western
blot of THP-1-derived CDK6 knockout clones generated with two
different sgRNAs and control clones (sgmCherry). d Western blot of a
PDX sample five days after transduction with NTC or shRNAs tar-
geting LIMK 1 or CDK6. e Western blots of AML cells treated with the
CDKG6 inhibitor palbociclib or DMSO for 72h (NOMO-1) or 120 h
(MOLM-14 and THP-1). f Proliferation determined by manual cell
counting (left panel) and colony formation in methylcellulose after ten
days (right panel) of THP-1-derived LIMK1 knockout or sgmCherry
control clones treated with palbociclib or DMSO. Proliferation data are
presented as mean = SD of three individual clones, and the connecting
lines indicate the fitted model for exponential growth. Statistical sig-
nificance was assessed for the corresponding proliferation constants by
two-way ANOVA with repeated measurements (P value for palboci-
clib effect: <0.0001, P value for LIMK1 knockout effect: <0.001,
P value for interaction effect: >0.05). For colony formation, statistical
significance was also analyzed by two-way ANOVA with repeated
measurements (P value for palbociclib effect: <0.05, P value for
LIMKI1 knockout effect: <0.001, P value for interaction effect: <0.05).
Each LIMK1 knockout clone was generated with a different sgRNA.
DMSO data are the same as in Fig. 2c and 2d, respectively. g May-
Griinwald-Giemsa-stained cytospin preparations of THP-1 cells eight
days after transduction with two shRNAs targeting LIMK1 or NTC
and treatment with palbociclib or DMSO. Original magnification, x40.
Insets show 1.5-fold magnified details of the corresponding photo-
graphs. DMSO data are the same as in Fig. 2e. h Proliferation indices
as assessed by CFSE tracking for THP-1 cells treated for four days
with DMSO, the CDK®6 inhibitor palbociclib, or the LIMK inhibitor
LIMKi3 alone, or in combination. Data were normalized to the DMSO
sample for each replicate. Statistical significance for each treatment
condition was assessed by one-sample t-test on log-transformed data
(asterisks below data points). Statistical significance for single vs.
combination treatment was assessed by unpaired t-tests on log-
transformed data (asterisks above data points). *P <0.05, **P <0.01,
*#%P <0.001.

associated with increased expression of the leukemogenic
HOX family of transcription factors [51-53], and differ-
ential gene expression analysis showed significantly higher
HOX mRNA levels in LIMKI™&" compared to LIMKI'Y
AML patient samples. Although this correlation does not
necessarily imply a causal link, it is intriguing to speculate
that homeobox transcription factors may drive LIMKI
expression. Putative target genes of HOXA9 have been
identified by transcriptome profiling following HOXA9
overexpression [48] or knockdown [49] in hematopoietic
cells. Although LIMK were not found to be deregulated in
those studies, specific genetic backgrounds may be required
to observe such interactions. Furthermore, other HOX
genes, which have not been studied in as much detail as
HOXA9 but were also significantly higher expressed in
LIMKI™&" compared to LIMKI'® AML patient samples,
may be responsible for driving LIMK1 expression. Another
possibility could be that LIMK1 directly or indirectly drives
HOX expression. Supporting this hypothesis, we found

putative HOXA9 target genes to be downregulated upon
LIMK1 depletion. Neither HOXA9 nor any of its established
cofactors were downregulated upon LIMKI1 suppression in
our RNA-seq data, suggesting that LIMK1 might promote
HOXA9 function by a post-transcriptional mechanism.
Considering that LIMKI1 knockdown led to increased
expression of proteasomal genes (Fig. S5), we hypothesize
that LIMKI1 stabilizes HOXA9 and/or its cofactors by
preventing their degradation, which might contribute to its
leukemogenic function.

Two additional downstream effectors of LIMKI1 relevant
for its role in AML may be LSP1 and PAQRS, as we
observed strong downregulation of both genes upon
LIMK1 suppression. Expression of LSPI and PAQRS was
significantly higher in LIMKI"" compared to LIMKI™"
patient samples, and high expression was correlated with
shorter survival of AML patients. Whereas PAQRS, a
progesterone receptor, has not been studied in the context of
hematologic malignancies, LSP1 has recently been identi-
fied as part of a three-gene signature that is predictive of
AML outcome [45]. In this study, the authors found a
robust correlation of high LSP1 levels and shorter survival
not only in the TCGA dataset, but also in two additional
AML cohorts, further strengthening the hypothesis that
LSP1 may be involved in AML development.

Another potential mechanism by which LIMKI1 might
promote leukemogenesis is its apparent ability to suppress
certain tumor suppressor genes, which were significantly
upregulated upon LIMK1 knockdown. For example, EGR1
has been shown to induce differentiation and apoptosis in
AML [36, 37], and loss of EGR1 has been associated with
accelerated progression of chronic myeloid leukemia and
AML with deletion of chromosome 5 or 5q [38]. Similarly,
loss of BTG2 enhances transformation and tumor progres-
sion [40, 41], and its overexpression prevents proliferation
in cells of several tissue backgrounds [39, 54]. Finally,
BIN1 expression is frequently lost in carcinomas, particu-
larly in aggressive and metastatic cases, and its over-
expression induces apoptosis and inhibits MYC-induced
transformation as well as proliferation in various tumor
models [42—-44]. In line with the upregulation of the
aforementioned tumor suppressors, we observed slowed
cell-cycle dynamics, as assessed by decreased EdU incor-
poration, upon LIMKI1 suppression. LIMK have previously
been shown to directly regulate centrosome positioning and
mitotic spindle formation by physically interacting with
microtubules and regulating Aurora kinase [17-19]. Our
transcriptomic data suggest that in addition to these protein-
protein interactions, LIMK may also regulate expression
levels of crucial mitosis-associated genes.

Importantly, depending on the cellular system, we
observed upregulation of LIMK1 upon LIMK?2 depletion or
vice versa, indicating that loss of one family member can be
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partially compensated by the other. Therefore, we believe
that future efforts to develop small-molecule inhibitors
should ideally aim to target both LIMKI1 and LIMK2
to ensure efficient inhibition of downstream signaling
pathways.

Finally, we observed a mutual co-regulation of CDK6
and LIMK, as inhibition of either protein induced the kinase
activity and/or expression of the other. Since both CDK6
and LIMK drive cell-cycle progression, this phenomenon
may present an escape route for AML cells to prevent more
detrimental effects upon inhibition of either protein,
although the underlying mechanism remains to be deter-
mined. In line with this hypothesis, simultaneous inhibition
of CDK6 and LIMKI resulted in additive or synergistic
effects, depending on the cellular characteristics tested.
Such a combination approach may not only show superior
treatment efficacy in AML, but also in other malignancies
for which palbociclib is currently being evaluated in clinical
trials or has already been approved, i.e. hormone receptor-
positive, HER2-negative breast cancer. Given that several
studies have implicated LIMK in progression and metastasis
formation of breast cancer [14, 16, 55], combining LIMK
and CDKG®6 inhibition may be particularly interesting in this
tumor entity.

In conclusion, this study provides the first comprehen-
sive characterization of LIMK in AML. We found that high
LIMKI1 expression is associated with specific AML sub-
types and poor clinical outcome, and demonstrate that
genetic and/or pharmacologic inhibition of LIMK results in
decreased proliferation and colony formation of AML cell
lines and PDX samples. Furthermore, our in-depth analysis
of transcriptomic changes induced by LIMK1 suppression
revealed potential novel downstream effectors mediating
LIMK1’s leukemogenic function. Finally, LIMK and
CDKG6 show a reciprocal regulation indicative of an escape
mechanism, which could be exploited by a combination
therapy approach not only in AML, but potentially also in
other tumor entities. Future experiments should focus on the
verification of these findings in vivo as well as on the
refinement of LIMK inhibitors for evaluation in clinical
trials.

Materials and methods
Cell lines and inhibitors

AML cell lines and HEK293T cells were maintained
under standard conditions with up to 0.01% DMSO. Cell
line identity was verified using the Multiplex Cell
Authentication Test (Multiplexion, Friedrichshafen, Ger-
many) or the Human Cell Line Authentication Service
(Eurofins Genomics GmbH, Ebertsberg, Germany). All
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cell lines were routinely tested for mycoplasma con-
tamination. AML PDX cells were isolated from the spleen
of leukemic mice as described previously [56] and cul-
tured in StemPro34 SFM (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) supplemented with pro-
vided nutrient supplement, 2% FBS, 1% penicillin/strep-
tomycin and human FLT3 ligand, human thrombopoietin,
human interleukin 3, and human stem cell factor (Pepro-
Tech, Princeton, New Jersey, USA; 10ng/mL each).
Murine cell lines were a gift from Stephen M. Sykes and
were generated and cultured as described previously [57]
(liquid culture) or in methylcellulose medium (MethoCult
GF M3434, Stem Cell Technologies, Vancouver,
Canada). Palbociclib (PD-0332991) and LIMKi3 (CAS
number 1338247-35-0) were obtained from Selleck
(Munich, Germany) or Merck Millipore (Burlington,
Massachusetts, USA), respectively.

RNAi screening

RNAI screening of HL-60, U937, and OCI-AMLS3 cells has
been described previously [23]. A gene was defined as
essential if at least three ShARNAs were associated with B-
scores of <1 standard deviation below the median (HL-60,
<—1.61; U937, < —1.71, OCI-AML3, < —1.58).

Differential gene expression analysis of LIMK1
knockdown samples

Differential gene expression analysis was performed with
DESeq2 (ref. 58) (version 1.24.0). Only genes with an
average TPM > 0.5 were considered. DESeq function was
run with default parameters [58]. Batch correction for
replicates, Independent Hypothesis Weighting [59] (IHW
1.12.0), and log-fold change shrinkage with apeglm [60]
shrinkage estimator were applied. P value cut-off was set to
0.05. For subsequent GSEAPreranked (GSEA version
4.0.3), all genes that passed the TPM cut-off were ranked by
mean log,-fold change (shLIMKI1/NTC), and GSEAPrer-
anked was performed using default parameters.

Differential gene expression analysis of TCGA data

AML patients with available RNA-seq and survival data
(n = 132) were sorted according to LIMK1 expression. Log-
transformed read count data were converted to raw read
count values before analysis. The top 10% of highest and
lowest LIMK-expressing patients (based on FPKM values;
n =26) were used for differential gene expression analysis
with DESeq?2 (ref. 58) (version 1.24.0). Only genes with an
average TPM > 0.41 were considered. DESeq function was
run with default parameters [58]. Independent Hypothesis
Weighting [59] (IHW 1.12.0) and log-fold change
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shrinkage with apeglm [60] shrinkage estimator were
applied. P value cut-off was set to 0.01, and log-fold change
cut-off was set to 1. For heatmap generation, FPKM values
were converted to TPM values. Only protein-coding genes
were considered for subsequent GSEA (version 4.0.3),
which was performed using default parameters.

Survival analysis of TCGA data

AML patients with available RNA-seq and survival data
(n =132) were sorted according to candidate gene expres-
sion (based on FPKM values). The cohort was split into
high and low expressers based on the median. Statistical
analysis was performed in GraphPad Prism 6 (GraphPad
Software) by log-rank test. Survival and expression data
were downloaded from https://xenabrowser.net.

Code availability

R code used for differential gene expression analysis of
LIMK1 knockdown experiments and TCGA data can be
found in the supplemental information.

Statistics

Statistical analysis was performed using one-sample t-test,
paired or unpaired two-tailed t-test with F test to ensure
equal variances, one-way ANOVA with Dunnett’s or
Tukey’s post-hoc tests and Brown—Forsythe-test to ensure
equal variances, Kruskal-Wallis test with Dunn’s post-hoc
test, or two-way ANOVA with repeated measurements as
appropriate. Details about multivariable regression analysis
of TCGA data can be found in the supplemental informa-
tion. P values <0.05 were considered significant. Compu-
tations were performed using GraphPad Prism versions 6 or
8 (GraphPad Software) or R version 3.5. All experiments
were performed at least three times unless indicated other-
wise, and error bars indicate the standard deviation of
the mean.
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