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Finally, the study by Pan et al.4 also suggests 
a positive correlation between CUEDC2 and 
HER2. Because overexpression of HER2 con­
fers endocrine resistance and the estrogen–
ER-α and tamoxifen–ER-α complexes repress 
HER2 (refs. 11,12), further studies will clarify 
whether CUEDC2-mediated downregulation 
of ER-α is responsible for the increased HER2 
expression in tamoxifen-resistant tumors. 
The nature of the CUEDC2-HER2 correlation 
and the potential clinical role of CUEDC2 
as a biomarker in predicting the response of 
breast cancers to HER2-specific antibodies and 
inhibitors will also need further investigation 
in the future.

activation domains (AF-1 and AF-2)—but 
retains the DNA-binding domain—and its 
overexpression identifies individuals with 
breast cancer who are less likely to benefit from 
tamoxifen treatment, it is important to clarify 
whether this variant is also a target for CUEDC2 
and, if so, what the outcome of their interaction  
would be8,9.

The ability of CUEDC2 to influence tamox­
ifen action by regulating ER-α and progester­
one receptor may additionally affect tissues 
other than breast, such as the endometrium, 
in which tamoxifen shows estrogenic effects 
and is associated with increased incidence  
of cancer10.

LMKT3-mediated phosphorylation of ERα 
in vitro, LMTK3-mediated protection of 
ERα from ubiquitin-mediated proteasomal 
degradation and LMTK3-dependent tran­
scription from the promoter of the gene 
encoding ERα, ESR1 (Fig. 1). Thus, targeting 
LMTK3 in breast cancers would hit ERα at 
two levels: mRNA synthesis and protein sta­
bility. As multiple kinases regulate ERα at the 
protein level through phosphorylation, the 
tumor cell may compensate for the loss of a 
single ERα kinase. However, blocking LMTK3 
would have the additional benefit of down­
regulating ERα mRNA expression, as well, 
thus probably making this type of treatment 
more effective.

The authors show how LMTK3 regulates 
ESR1 transcription by positively regulating 
FOXO3, a known transcriptional activator of 
ESR1 (ref. 11). Protein amounts of FOXO3 
were reduced upon knockdown of LMTK3, and 
overexpression of LMTK3 increased FOXO3 
occupancy at the ESR1 promoter in MCF-7 
cells. Overexpression of FOXO3 also rescued 
the decrease in ESR1 transcription observed 
with loss of LMTK3.

Previous evidence has demonstrated that 
protein kinase C (PKC) phosphorylates and 
activates AKT, which, in turn, phosphory­
lates FOXO3 and targets it for degradation12. 
Giamas et al.10 found that LMTK3’s kinase 
domain inhibits PKC’s ability to phospho­
rylate some of its substrates. Whereas the 

Over the decades of research aimed toward 
understanding the intricacies of ERα regu­
lation, milestones have been reached in the 
treatment of breast cancer. These therapies, 
which include selective ERα modulators, such 
as tamoxifen, selective ERα downregulators, 
such as fulvestrant, and aromatase inhibitors 
have had an indisputable positive impact on 
the survival of patients with ERα-positive 
breast cancers. Nonetheless, resistance to 
these endocrine therapies often occurs and 
remains a crucial problem for patients with 
breast cancer1,2.

Resistance has been attributed to various 
causes, including drug metabolism, ligand-
independent activation of receptors and 
induction of growth-activating pathways 
involving transcriptional coactivators. For 
example, the antiestrogen tamoxifen confers  
agonist-like properties when bound to ERα 
in specific cellular and promoter contexts3. 
Overexpression of coactivators such as ste­
roid receptor coactivator 3 (SRC-3), which 
itself can be hyperactivated by elevated growth  
signals from overexpressed growth factor 
receptors such as human epidermal growth 
factor 2 (Her2), is a potential mechanism 
of resistance in these tissues4,5. Tamoxifen  

treatment can further exacerbate these signal­
ing pathways by increasing coactivator levels 
within the cells6.

Modifications of ERα by various kinases, 
such as protein kinase A7 and mitogen-
activated protein kinase8, can also promote 
ligand-independent activation of ERα and 
tamoxifen resistance9. Studies have shown that 
breast cancers with elevated levels of growth 
factor signaling cascades and coactivators, 
such as these mentioned, are associated with 
tamoxifen resistance and poor survival4,8. 
Thus, there is an unmet clinical need to 
develop therapies that will treat these resis­
tant tumors.

In this issue of Nature Medicine, Giamas 
et al.10 used an siRNA screen of the kinome 
to uncover targets that may help develop new 
therapies to combat endocrine-resistant, ERα-
positive breast cancers. The screen specifically 
targeted 691 kinases and kinase-related genes, 
followed by measurement of expression of the 
ERα target mRNA, TFF1, in the ERα-positive 
breast cancer cell line MCF-7. From this screen, 
they identified LMTK3 as a positive regulator 
of ERα’s transcriptional activity10.

Knockdown of LMTK3 selectively inhibited 
the growth of ERα-positive breast cancer cell 
lines and not ERα-negative cell lines, indicat­
ing that LMTK3-targeting siRNA may have 
antigrowth effects by regulating ERα acti­
vity. The authors showed multiple modes of 
LMTK3-mediated ERα regulation, including  
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authors did not directly show the expected 
inhibition of AKT phosphorylation by expre­
ssion of the LMTK3 kinase domain, they did 
show that loss of LMTK3 increased phospho­
rylation of AKT and other unidentified PKC 
targets10. These data reveal a crucial pathway 
that is altered by LMTK3; however, the means 
by which LMTK3 inhibits PKC’s activity is yet 
to be determined. For example, does LMTK3 
directly phosphorylate and inactivate PKC?

The authors found that loss of LMTK3 
leads to a decrease in total ERα protein10. This 
decrease was partially rescued by treatment 
with the proteasome inhibitor MG132, and an 
increase in ubiquitination of ERα was observed 
in MCF-7 cells with reduced LMTK3 abun­
dance. Prior in vitro phosphorylation of ERα 
by incubation with the LMTK3 kinase domain 
protected ERα from degradation in an in vitro 
proteasomal degradation assay. This suggests 
that LMTK3-mediated phosphorylation of 
ERα protects it from ubiquitin-mediated, 
proteasomal degradation; however, including 
a phosphorylation site mutant of ERα would 
better support this conclusion. Additionally, as 
PKC can promote ERα degradation through 
the proteasome13, LMTK3 also protects ERα 
from degradation indirectly by inhibiting  
PKC activity.

Although there are still open questions  
regarding the exact mechanism of LMTK3-
mediated ERα stability and increased gene 
transcription, the authors clearly showed that 
knockdown of LMTK3 decreased phosphory­
lation of ERα, as well as the coactivator SRC-3 
(ref. 10), events associated with resistance to 
endocrine therapies such as tamoxifen9,14. The 
additional loss of SRC-3 in resistant cells gives 
the authors’ approach even greater therapeu­
tic potential. Thus, the authors investigated 
whether loss of LMTK3 can render tamoxifen-
resistant cells sensitive and found that trans­
fecting LMTK3-targeting siRNA into these 
cells inhibited proliferation in the presence of 
tamoxifen10. To assess the efficacy of LMTK3-
targeting siRNA to combat tumors in vivo, the 
authors injected it into human MCF-7 breast 
carcinoma tumors grown in nude mice, which 
clearly revealed that knockdown of LMTK3 
reduces tumor growth.

To determine whether there is a specific 
correlation between LMTK3 abundance and 
poor prognosis in human breast cancers, tissue  
arrays were scored for LMTK3 by immuno­
histochemistry. High amounts of LMTK3 in the 
nucleus correlated with shorter disease-free sur­
vival and shorter overall survival. Notably, high  

LMTK3 levels also correlated with poor 
response to endocrine therapies, but there was 
no specific association between LMTK3 abun­
dance and response to chemotherapy. Select 
alleles of the LMTK3 gene also correlated with 
tumor recurrence and poor overall survival.  
These data indicate that LMTK3 may serve 
as a new marker for ERα-positive cancers  
that are likely to become resistant to endocrine 
therapies. It will be interesting to learn how 
these polymorphisms affect the synthesis or 
function of LMTK3.

Giamas et al.10 have found an important 
new regulator of ERα and endocrine therapy 
resistance. From their studies, it is clear that 
LMKT3 regulates ER1 gene transcription, 
protein stability and phosphorylation (Fig. 1).  
Studies on the molecular mechanisms of 
resistance to endocrine therapy are a crucial, 
ongoing area of breast cancer research that 
may yield better future therapies that are 
patient specific, such as has been shown pre­
viously in the case of Herceptin (trastuzumab) 
for Her2-overexpressing breast cancers15. The 
study by Giamas et al.10 also indicates that 
screening for specific LMTK3 alleles could 
be an important tool to identify individuals 

likely to be resistant to endocrine therapies. 
LMTK3 is therefore another potential target 
for treating ERα- positive breast cancers in 
patients that are resistant to typical, first-line 
endocrine therapies.
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Figure 1  LMTK3 positively regulates ESR1 gene transcription, protein levels and phosphorylation, 
promoting resistance to endocrine therapies. LMTK3 enhances transcriptional activation of ESR1 by 
inhibiting PKC, whose activity results in phosphorylation of AKT, which in turn phosphorylates FOXO3, 
targeting it for degradation. LMTK3 also directly phosphorylates ERα protein, which has been shown to 
contribute to resistance to endocrine therapies such as tamoxifen. LMTK3 protects ERα from ubiquitin 
(Ub)-mediated proteasomal degradation directly through phosphorylation and indirectly through 
inactivation of PKC.
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