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MELK expression in breast cancer is associated with
infiltration of immune cell and pathological compete
response (pCR) after neoadjuvant chemotherapy
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Abstract: In experimental settings, maternal embryonic leucine zipper kinase (MELK), an apical member of the
snfl/AMPK serine-threonine kinases family, plays a role in tumor growth. We investigated the clinical relevance of
MELK expression by performing silico analyses of 7,135 breast cancer patients using multiple independent large
cohorts. In triple negative breast cancer (TNBC) found that elevated MELK expression significantly correlates with
Nottingham histologic grade and tumor growth according to American Joint Committee Cancer (AJCC) stage. High
MELK tumor enriched cell proliferation-related gene sets as well as DNA repair, unfolded protein response, and
MTORC signaling gene sets. In two independent cohorts a high mutation rate and worse survival was significantly
associated with high MELK tumor. In immune-related gene sets including, allograft rejection, interferon (IFN)-
response, and IFN-y response, high MELK tumor significantly enriched. Pro-cancer regulatory T cells, T helper type
2 cells and anti-cancer immune cells including CD4* memory T cells, T helper typel cells, CD8* T cells, M1 mac-
rophages, gamma-delta T cells, and dendritic cells with high levels of cytolytic activity (CYT) were highly infiltrated.
MELK expression did not correlate with the responses to any of the drugs tested in cell lines. However, pathologic
complete response was significantly associated with high MELK following NAC in both TNBC and ER-positive plus
HER2-negative breast cancer. In conclusion, cell proliferation, immune response, and NAC breast cancer response
was associated with MELK expression.

Keywords: Breast cancer, drug response, ER+/HER2-, MELK, neoadjuvant chemotherapy, pathological complete
response, predictive biomarker, tumor immune microenvironment

Introduction

Neoadjuvant chemotherapy (NAC), systemic
chemotherapy which is given prior to definitive
surgery, was originally intended to decrease the
size of locally advanced or unresectable breast
cancer to facilitate breast conserving surgery
and reduce surgical morbidity [1]. In addition to
the above, NAC is now viewed as an opportunity
to assess the drug responses of the tumors in

situ. Pathological complete response (pCR)
after NAC in breast cancer, specifically aggres-
sive triple-negative breast cancer (TNBC), has
now been commonly used as a surrogate mark-
er for predicting better long-term outcomes [1].
Knowledge of achievement of pCR or residual
disease is vital for decision making in the adju-
vant setting after surgery. When needed, neo-
adjuvant treatment escalation for TNBC, with
use of drugs like carboplatin [2, 3] or pembroli-
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zumab [4]/atezolizumab [5], can be associated
with significant long-term toxicities including
immune-related adverse events. Therefore, it is
critical to appropriately select patients to rec-
ommend NAC (especially when treatment esca-
lation is needed) where there is a low probabil-
ity to achieve pCR to maximize the chances for
a good response to improve outcomes and
avoid additional chemotherapy in the adjuvant
setting. Similarly, utilizing genomic assays in
hormone-receptor positive breast cancer, such
as, oncotypeDx or mammaprint can help pre-
dict the benefit of adjuvant chemotherapy.
However, if a biomarker were available to iden-
tify the benefit of chemotherapy in the neoadju-
vant setting, patients could potentially avoid
non-beneficial chemotherapy prior to surgery.
Breast cancer is the most common cancer
affecting women worldwide, with a majority
(70%) of them being Estrogen receptor (ER)-
positive/human epidermal growth factor recep-
tor 2 (HER2)-negative. Although this is the least
aggressive breast cancer subtype, it has a poor
response to NAC compared to TNBC where pCR
has been observed in around 30%-40% tumors.
Therefore, a novel biomarker that predicts NAC
response and allows for precise patient selec-
tion will be helpful for both ER-positive and
TNBC patients.

Maternal embryonic leucine zipper kinase
(MELK), an apical member of the snf1/AMPK
serine-threonine kinases is highly expressed in
several malignancies, including lung cancer,
colorectal cancer, and breast cancer [6]. It
plays a vital role in cell cycle and proliferation in
cell culture settings [7-9]. In terms of its clinical
relevance, MELK was reported as one of the
genes that correlated with worse survival [10]
but also showed the highest odds ratio for pCR
after NAC in basal-like subtype among the 12
genes tested [11]. However, limitation of these
previous studies is that they used high through-
put approach that demonstrated the associa-
tion, but no insight on the mechanism.
Additionally, the role of MELK expression in a
tumor microenvironment (TME), which plays a
key role in regulating cancer progression and
response to several drugs, is largely unknown
since reproduction of human TME in experi-
mental settings are difficult to say the least.

In silico approach is one of the powerful tools
for studying clinical relevance of a gene expres-
sion in cancer, because it analyzes actual
patient’'s cancer. Due to recent improvement
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and popularity of sequencing technology, algo-
rithms have been developed that can capture
the cancer-related signaling, and the status of
immune cells and cancer-related stromal cells
in TME using transcriptome data [12, 13]. For
instance, we recently discovered that glucocor-
ticoid receptor gene high expression was asso-
ciated with higher infiltration of immune cells
and better survival [14]. Similarly, high expres-
sion of Nuclear factor erythroid 2-related factor
2 (NRF2) was shown to be associated with
high level of tumor infiltrating lymphocytes in
ER-positive/HER2-negative breast cancer [15].
We, therefore, hypothesized that MELK expres-
sion association with clinical outcomes, cell
proliferation and drug response in breast can-
cer using transcriptome data from thousands
of patients.

Materials and methods
Breast cancer cohorts and associated data

The transcriptome and clinical data of breast
cancer in the Molecular Taxonomy of Breast
Cancer International Consortium (METABRIC)
study (n = 1904) [16] was obtained from cBio-
Portal [17], and that of GSE96058 cohort (n =
3,273) was obtained from the Swedish Breast
Cancer Analysis Network (SCAN-B) [18]. Other
study, Shi et al. (GSE20194; n = 248, regimens;
cyclophosphamide, doxorubicin, paclitaxel, and
5-fluorouracil) [19] and Symmans et al. (GSE-
25066; n = 508, regimen; anthracycline and
taxane) [20], were also obtained from The Gene
Expression Omnibus (GEO) repository. A data
studied by Hess et al. (n = 133, regimens; cyclo-
phosphamide, doxorubicin, fluorouracil, and
paclitaxel) [21] was accessed from University of
California Santa Cruz (UCSC) Xena. Mutation-
related score; intratumor heterogeneity, homol-
ogous recombination deficiency, silent and
non-silent mutation rate, fraction altered, sin-
gle nucleotide variant (SNV) and indel neoanti-
gens, were accessed from a study by Thorsson
et al. [22] in The Cancer Genome Atlas (TCGA)
Pan-Cancer study (TCGA-BRCA; n = 1069) [23],
which selected female breast cancer patients,
as we previously reported [24-27]. The log,-
transform of gene expression data were used
in all analyses.

Gene set expression analyses

To investigate biological function, low and high
MELK expression groups in breast cancer were
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compared using the gene set enrichment analy-
sis (GSEA) [28] with hallmark gene sets of the
Molecular Signatures Database (MSigDB) [29].

Immune cell fraction estimation

The fraction of several cell types, including
immune and stromal cells, in the tumor micro-
environment (TME) was calculated using the
xCell algorithm [12]. This score was calculated
using R software, as we previously reported
[30-35].

Statistical analysis

R software (version 4.0.1) was used to conduct
statistical analyses. Group comparisons were
conducted using Fisher's exact test, Mann-
Whitney U test, or Kruskal-Wallis test, accord-
ingly. Survival analysis was conducted using
Kaplan-Meier curves with log-rank test. We
determined statistical significance using a
P-value < 0.05.

Results

MELK expression significantly correlated with
tumor growth and survival of breast cancer
patients

Since MELK gene expression was linked with
cell proliferation in cell culture and animal
model systems, we investigated whether that is
translatable to human breast cancer patients.
In the METABRIC cohort, we found that higher
MELK expression significantly correlated with
higher stages of American Joint Committee on
Cancer (AJCC) (Figure 1A; P < 0.001). Also in
both METABRIC and and GSE96058 cohorts,
Nottingham histologic grade correlated with
higher MELK expression (Figure 1A; both P <
0.001). Triple-negative breast cancer (TNBC),
which is the most aggressive subtype of breast
cancer, was noted consistently in both cohorts
to have the highest MELK expression com-
pared to the other subtypes (Figure 1A; all P <
0.001). Additionally, MELK expression strongly
correlated with MKI67 expression, which is a
well-established cell proliferation marker used
in clinics, consistently in both cohorts (Spear-
man rank correlation (r) = 0.704 and 0.888,
respectively, both P < 0.001).

When top one-third MELK gene expression
level within a cohort was determined as high
MELK group, we found in both cohorts that high

4423

MELK breast cancer was strongly enriched for
all five cell proliferation-related gene sets
including Mitotic spindle by GSEA, MYC targets
vl and v2, G2M checkpoint, and E2F targets
within the MSigDB Hallmark (Figure 1C; all nor-
malized enrichment score (NES) > 1.70, all
false discovery rate (FDR) < 0.01 in both
cohorts).

Next, the role of MELK expression in survival
was investigated. We found a significant asso-
ciation with worse disease-free and disease-
specific survival in high MELK breast cancer,
within the METABRIC cohort, (Figure 1D; both P
< 0.001) and a similar trend was observed in
the GSE96058 cohort with overall survival
(0S) in (Figure 1D; P < 0.001). Therefore, we
observed that MELK expression was signifi-
cantly associated with tumor growth assessed
clinically (stage), pathologically (grade), and
molecular biologically (MKI67 expression and
GSEA). Overall in breast cancer, these findings
translated into poor clinical outcomes with high
MELK.

There was no correlation between MELK ex-
pression and drug response in breast cancer
cell lines

Given the fact that there was enhanced cell
proliferation associated with high MELK expres-
sion in breast cancer, as evident by histological
grade, MKI67 expression and gene set enri-
chment, we expected that MELK expression
would correlate with response to chemotherapy
because chemotherapy is effective on high pro-
liferating cells. The correlation of MELK expres-
sion of breast cancer cell lines with drug sensi-
tivity area under the curve (AUC) for commonly
used chemotherapies in breast cancer, namely,
carboplatin, cisplatin, cyclophosphamide, doxo-
rubicin, paclitaxel, and 5-FU, from DepMap por-
tal was assessed. We found no correlation
between MELK expression and AUC levels in
ER-positive/HER2-negative breast cancer nor
in TNBC (Figure 2).

Intratumor heterogeneity, homologous recom-
bination deficiency (HRD), mutation load, and

cancer aggressiveness-related gene sets were
significantly associated with high MELK breast
cancer

Given that high MELK breast cancer was signifi-
cantly associated with worse patient survival, it
was of interest to investigate the underlying
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Figure 1. Association of the MELK expression with clinicopathological and biological aggressiveness in breast cancer. A. Using METABRIC and GSE96058 cohorts,
boxplots of the MELK expression showing medians and interquartile ranges by breast cancer subtypes using the American Joint Committee on Cancer (AJCC) stag-
ing and Nottingham histological grade (GSE96058 cohort don’t have the AJCC stage data). Analysis was performed using the Kruskal-Wallis test. B. Correlation
plots between MELK and MKI67 expression by spearman rank correlation. *P < 0.01. C. Enrichment plots of cell proliferation-related hallmark gene sets comparing
high and low MELK expression groups, including false discovery rate (FDR) and normalized enrichment score (NES). D. Kaplan-Meier plots in METABRIC showing
disease-free survival (DFS) and disease-specific survival (DSS), also in the GSE96058 cohort overall survival (OS) between high and low MELK expression groups
for with log-rank test p-value.
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Figure 2. Correlation of the MELK expression with drug sensitivity of different chemotherapies in multiple cell lines. Correlation plots of MELK expression with drug
sensitivity using area under the curve (AUC) of carboplatin, cisplatin, cyclophosphamide, doxorubicin, paclitaxel, and 5-FU in ER-positive/HER2-negative breast
cancer and TNBC cell lines from the DepMap portal. The analysis was performed using Spearman rank correlation.
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mechanism involved. Given that breast cancer
with high mutation rate was associated with
aggressive cancer [36], we expected MELK
expression to correlate with mutation levels.
High MELK breast cancer, in the TCGA cohort,
was noted to be significantly associated with
high level of intratumor heterogeneity, HRD,
silent and non-silent mutation rate, fraction
altered, single-nucleotide variant (SNV) and
indel neoantigens score (Figure 3A; all p <
0.03). Using METABRIC and GSE96058 co-
horts, we found that high MELK breast cancer
was significantly enriched in cancer cell surviv-
al pathways including MTORC1 signaling, DNA
repair, and unfolded protein response gene
sets (Figure 3B, all NES > 1.50). Therefore, we
observe that high mutation rate and enhanced
cancer cell survival pathways were significantly
associated with MELK expression.

High MELK breast cancer was associated with
enhanced immune response and significantly
enriched for immune-related gene sets

High mutation rate in breast cancer we previ-
ously reported as associated with increased
cell proliferation and anti-cancer immunity [36].
Additionally, we also reported enhanced im-
mune response association with high histologi-
cal grade breast cancer [35]. Given that high
MELK breast cancer was associated with high
mutation rate as well as high histological grade,
we expected that it would also be associated
with enhanced immune response. As expected,
using calculation provided by Thorsson et al on
TCGA we found a significant association with
high levels of immune-related scores, including
tumor lymphocyte infiltration, infiltrating lym-
phocyte (TIL) regional fraction, T cell receptor
(TCR), leukocyte fraction, B cell receptor (BCR)
richness, and interferon (IFN)-y response
(Figure 4A). Further, we found that high MELK
breast cancer significantly enriched for allograft
rejection, IFN-y response and IFN-a response,
which are all immune response-related gene
sets, consistently in both cohorts (Figure 4B,
all NES > 1.30). These findings suggest a sig-
nificant association with immune cell infiltra-
tion as well as immune response in breast can-
cer MELK expression.

There was higher anti-cancer immune cell
infiltration in breast cancer with high MELK
expression

Given that MELK expression significantly
enriched for immune-related gene sets, we
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expected TME to have an association with
immune cell infiltration. However, we found that
there was no difference in MELK expression
between tumor and immune cells in a single
cell-sequencing cohort (GSE75688), which sug-
gests that MELK is not a mere immune cell
marker (Figure 5A). Next, we investigated which
fraction of cells were infiltrated in the TME of
high MELK expression breast cancer using
xCell algorithm. We found that except for fibro-
blasts, in both METABRIC and GSE96058
cohorts, high MELK breast cancer was signifi-
cantly associated with less stromal cells
(Figure S1). Further, in both the METABRIC and
GSE96058 cohorts, we observed high infiltra-
tion of pro-cancer immune cells, such as T help-
er type2 (Th2) cells and regulatory T cells
(Tregs). High infiltration also was seen in anti-
cancer immune cells, including CD4* memory T
cells, T helper typel (Thl) cells, CD8* T cells,
M1 macrophages, gamma-delta T (yoT) cells,
and dendritic cells (DC) in high MELK breast
cancer (Figure 5B and 5C). In both cohorts, low
fraction of neutrophils was associated with
high MELK expression (Figure 5B). Furthermore,
in both cohorts consistently there was high
level of cytolytic activity score (CYT) observed
in high MELK breast cancer (Figure 5D).
Interestingly, high MELK in immune cells was
significantly associated with high expression of
immune response-related genes, including
IFNG, GZMA, and PRF1, compared to low MELK
group (Figure S3). On the other hand, no such
difference was observed between low and high
groups in tumor cells. These findings again sug-
gest that high MELK was associated with
immune cell infiltration and enhanced immune
Killing, but not the stromal cells.

After neoadjuvant chemotherapy (NAC), MELK
expression predicts pathological complete
response (pCR) in both ER-positive/HER2-
negative and TNBC

We expected since MELK expression was sig-
nificantly associated with both cell proliferation
and immune cell infiltration in breast cancer, it
may also associate with NAC treatment given
the higher proliferative nature. We examined
three independent NAC cohorts with different
chemotherapy combinations; GSE25066 (n =
508, underwent anthracycline and taxane),
GSE20194 (n = 248, underwent cyclophospha-
mide, doxorubicin, paclitaxel, and 5-fluoroura-
cil), and HESS (n = 133, underwent cyclophos-
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Figure 3. Association of the MELK expression with cancer aggressiveness-related factors in breast cancer. A. Boxplots of the intratumor heterogeneity, HRD, muta-
tion rate, fraction altered, neoantigens showing medians and interquartile ranges for high and low MELK groups in the TCGA cohort. Analysis was performed using
the Mann-Whitney U test. B. Enrichment plots of several malignant-related hallmark gene sets, including MTORC1 signaling, unfolded protein response, and DNA
repair, which were significantly enriched in the high MELK groups consistently in both METABRIC and GSE96058 cohorts. FDR, false discovery rate; HRD, homolo-
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Figure 5. MELK expression and association with immune cells in breast cancer. (A) Dot plots of the MELK expres-
sion by single cells of tumor, immune and stromal cells in the GSE75688 single-sequence cohort using Kruskal-
Wallis test. (B) Boxplots showing medians and interquartile ranges of the infiltrating fraction of pro-cancer immune
cells (T helper type2 [Th2] cells, regulatory T cells [Tregs], M2 macrophages [M2], and Neutrophil cells) and (C)
anti-cancer immune cells (CD4* memory T cells, T helper typel [Th1] cells, CD8* T cells, M1 macrophages [M1],
gamma delta T cells [ydT], and dendritic cells [DC]) categorized by high and low MELK groups in the METABRIC and
GSE96058 cohorts. (D) Boxplots, in both METABRIC and GSE96058 cohorts, of the cytolytic activity score (CYT) by
high and low MELK groups. Mann-Whitney U test was used to calculate the p-values.
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Figure 6. Association of MELK expression with drug response for neoadjuvant chemotherapy (NAC) in the
GSE25066, GSE20194, and HESS cohorts. A. Receiver operating characteristic (ROC) curve of MELK expression
between pathological complete response (pCR) and non pCR groups with area under the curve (AUC) in ER-positive/
HER2-negative and TNBC subgroups. B. pCR bar plot rates after NAC by high and low MELK groups in three cohorts,
p-values calculated using the Fisher’s exact test.

phamide, doxorubicin, fluorouracil, and pacli-
taxel). In three NAC cohorts, we found that area
under the curve (AUC) of MELK was more than
0.70 in ER-positive plus HER2-negative breast
cancer in GSE25066 (AUC = 0.78, n = 278),
GSE20194 (AUC = 0.81, n = 129), and HESS
(AUC = 0.93, n = 67) (Figure 6A). AUC of MELK
was also high in TNBC in three cohorts;
GSE25066 (AUC = 0.62, n = 170), GSE20194
(AUC = 0.75, n = 68), and HESS (AUC = 0.80, n
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= 27) (Figure 6A). Finally, we investigated the
NAC predictive use of MELK as a biomarker. In
allthe above three cohorts, high MELK achieved
a higher pCR rate with both ER-positive plus
HER2-negative breast cancer as well as TNBC
breast subtypes (Figure 6B; ER-positive/HER2-
negative; P < 0.001, P = 0.006, and P = 0.003,
TNBC; P=0.027,0.015, and 0.046, respective-
ly). These results suggest, following NAC, that
MELK expression can be utilized as a biomark-
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er for attaining pCR in both ER-positive plus
HER2-negative as well as TNBC subtypes.

Discussion

We found, in this study, that MELK expression
was significantly correlated with tumor growth
assessed by AJCC stage, Nottingham histologi-
cal grade, MKI67 expression, TNBC subtype
and also with cell proliferation-related gene
sets in two large cohorts. Furthermore, we
observed worse patient survival, high mutation
rate, and enhanced cancer cell survival path-
ways, including MTORC1 signaling, DNA repair
and unfolded protein response in high MELK
expression breast cancer. Additionally, breast
cancer with high MELK expression was signifi-
cantly enriched in immune-related gene sets,
including allograft rejection, IFN-o& response
and IFN-y response. Furthermore, infiltration of
anti-cancer immune cells (CD4* memory T cells,
T helper typel cells, CD8* T cells, M1 macro-
phages, gamma-delta T cells, and dendritic
cells), pro-cancer (T helper type 2 cells and
regulatory T cells), and high immune cell killing
activity (CYT) was associated with high MELK
expression. Although MELK expression did not
correlate with sensitivity of any drug tested in
cell lines, high MELK was significantly associ-
ated with high pCR rate after NAC not only in
TNBC, the aggressive breast cancer known to
be associated with around 30-40% pCR, but
also in ER-positive plus HER2-negative breast
cancer, a subtype of breast cancer where pCR
rates are very low.

As discussed, MELK is known to regulate cellu-
lar metabolism [37]. In fact, MELK is one of the
proliferation markers already included in clini-
cally used prognostic panels, such as
MammaPrint [38, 39], and PAM50 [40]. MELK
plays a role in cell proliferation, splicing, cell
cycle, cell invasion, and apoptosis [41]. Our
study confirmed that MELK expression was
associated with cancer cell proliferation using
human data by analyzing MELK’s role clinically
(stage), pathologically (grade), and molecular
biologically (MKI67 expression and GSEA). This
explains why MELK expression was also associ-
ated with worse breast cancer survival out-
comes due to its aggressive biology. Our previ-
ous work also demonstrated that cancer cell
proliferation marker is a strong poor prognostic
biomarker in breast cancer, which agrees with
these findings. For example, G2M target path-
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way [42] and E2F targets [4 3] were significantly
associated with worse patient outcomes. Fur-
thermore, interestingly, our results suggest that
MELK expression was significantly associated
with not only cell proliferation but also other
hallmarks of cancer, such as aggressive signal-
ing (PIBK and MTORC1 signaling), DNA repair,
glycolysis, and immune response (allograft
rejection, interferon response), shown in Figure
S2. Taken together, MELK expression is associ-
ated with worse outcomes in breast cancer
explained by its role in enhanced cancer cell
proliferation and also other hallmark signaling
pathways.

Pathological complete response (pCR) after
NAC is a well-established surrogate marker for
improved survival in breast cancer [44]; how-
ever, predicting response to NAC continues to
remain a challenge in ER-positive breast can-
cer. An additional area of dilemma is determin-
ing the appropriate scenario to escalate or de-
escalate NAC for TNBC. Our group has previ-
ously reported on several biomarkers that can
be used to predict response to NAC. We report-
ed after NAC in ER-positive plus HER2-negative
breast cancer, that cell cycle pathways, E2F
targets and G2M checkpoints, were associated
with pCR [42, 43]. We also reported that in TNC
achieving pCR after NAC had a higher probabil-
ity with low Inositol 1,4,5-trisphosphate 3-
kinase C (ITPKC) expression [45]. MELK was
previously pointed out, in basal-like subtype, as
one of the genes associated with pCR after
NAC, but no mechanistic insight was provided
[11]. In this study, we also found that MELK
expression associated with cell proliferation,
immune cell infiltration, which explains the
higher NAC response in both TNBC and
ER-positive/HER2-negative breast cancer with
high MELK expression. Compared to using
tumor profile pathways that calculate 200 gene
expressions requiring analysis of comprehen-
sive gene expression; the measurement of a
single gene is far more practical as a predictive
biomarker, both from a cost and simplicity
stand point, especially when it has the ability to
assess predictive chemotherapy benefit for two
subtypes of breast cancer using the same
approach. Additionally, knowledge of the MELK
expression upfront to predict patients who are
unable to achieve pCR would fulfil two goals.
Most importantly, as discussed before, it would
help us prioritize patients where escalation to
standard treatment of doxorubicin, cyclophos-
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phamide and paclitaxel could be planned with
confidence to improve on the chances to
achieve a good response, that is, at least aim
for lower residual cancer burden (RCB-I or RCB-
Il), since poorer outcomes are associated with
RCB-IIl as greater amount of residual disease
remains, especially in patients with hormone
receptor positive breast cancer where there is
always a debate whether to treat with chemo-
therapy upfront or not [46]. Secondly, it would
encourage the treating physician to treat these
patients with neoadjuvant chemotherapy to
identify the non-responders where information
about residual disease is critical to escalate
therapy in the adjuvant setting, example, use of
capecitabine for residual disease for TNBC,
instead of taking these patients for upfront sur-
gery [47]. Thirdly, for some TNBC patients where
MELK expression does not predict for pCR, it
could help us select those patients for escalat-
ing NAC to include checkpoint inhibitors or car-
boplatin to maximize chances of achieving pCR,
especially since their use in the NAC setting in
TNBC is still a much debated issue.

We have previously reported that there is
enhanced cell proliferation in breast cancer
with high mutation load, but this is counterbal-
anced with immune response and immune cell
infiltration [35, 36]. Many including our group
have suggested that immune cell infiltration in
TME affects response to NAC [48]. We reported
that high fraction of regulatory T cells (Tregs) in
TME is associated with low NAC response in
TNBC [49]. To our knowledge, this is the first
study to report association with MELK expres-
sion and immune response and immune cell
infiltration in breast cancer patient TME, a find-
ing that was not known before. Since MELK
gene was expressed not only in cancer cells but
also in immune cells that we found by single
cell sequence analysis, it is possible that infil-
trated immune cells may be contributing to the
MELK expression levels. Since tumors in
humans are infiltrated with immune cells as
opposed to cell lines, this may be responsible
for the different outcomes of drug response in
cell lines and patient response to NAC. The
above findings lay a firm ground to support the
clinical predictive utility of MELK expression in
patient selection as a biomarker for NAC in
breast cancer, consistent with our original
hypothesis. Future prospective trials are war-
ranted in order to further test the clinical utility
of this biomarker and to refute or validate our
hypothesis.
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We have used multiple independent large
cohorts to test and validate that MELK expres-
sion is associated with NAC response; however,
the study still has limitations. Given that we uti-
lized existing publicly available cohorts, this is
by nature a retrospective study where we can-
not eliminate the possibility of selection bias.
Further, current study was conducted by bioin-
formatics analyses alone, thus the causal rela-
tionships are unknown and in vitro and/or in
vivo experiments are needed to elucidate the
underlying mechanisms. At the same time, a
strength of this study is that we analyzed the
patient’s cancer including the TME that cannot
be fully modeled by any experimental setting.
Eventually, a prospective study is necessary in
order to validate and confirm the utility of MELK
expression in breast cancer management, both
as a predictive and prognostic biomarker.

We demonstrated, in conclusion, in both
ER-positive/HER2-negative and TNBC, high
MELK expression is significantly associated
with cell proliferation, immune cell infiltration,
and higher incidence of response to NAC.
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Figure S1. Association of the MELK expression with the fraction of stromal cells in the tumor microenvironment. Boxplots of the fraction of several stromal cells,
including fibroblasts, adipocytes, endothelial cells, micro vessel endothelial (mvE) cells, lymphatic endothelial (IlyE) cells, and pericytes cells by high and low MELK
groups in the METABRIC and GSE96058 cohorts. P values were calculated by Mann-Whitney U test.
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Figure S2. A Gene set enrichment analysis (GSEA) of the Hallmark gene sets with significant enrichment due to high
MELK expression in breast cancer. Gene sets were listed by the order of high to low enrichment score for the hall-
mark gene sets that were statistically significant (false discovery rate (FDR) < 0.25, as recommended by the GSEA
software). Category was defined by original paper of hallmark gene set collection.
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Figure S3. Association between MELK and immune function-related gene expression in tumor cells and immune
cells. Boxplots of comparison of immune function-related genes expression, including IFNG, GZMA, and PRF1, by
low and high MELK expression groups. The low and high represent groups without and with expression of MELK,
respectively. Single cell sequence data was used for the analysis (GSE75688 cohort). P-value was calculated by
Kruskal-Wallis test.



