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ABSTRACT
Treatment of BCR-ABL+ human leukemia has been significantly improved by 

ABL tyrosine kinase inhibitors (TKIs), but they are not curative for most patients 
and relapses are frequently associated with BCR-ABL mutations, warranting new 
targets for improved treatments. We have now demonstrated that protein expression 
of human estrogen receptor alpha 36 (ERα36), an alternative splicing variant of 
human estrogen receptor alpha 66 (ERα66), is highly increased in TKI-insensitive 
CD34+ chronic myeloid leukemia (CML) cells and BCR-ABL-T315I mutant cells, and 
is abnormally localized in plasma membrane and cytoplasm. Interestingly, new pre-
clinically-validated analogs of Icaritin (SNG162 and SNG1153), which target abnormal 
ERα36 activity, inhibit cell growth and induce apoptosis of BCR-ABL+ leukemic cells, 
particularly BCR-ABL-T315I mutant cells. A combination of SNG inhibitors and TKI 
selectively eliminates treatment-naïve TKI-insensitive stem/progenitor cells while 
sparing healthy counterparts. Oral TKI dasatinib combined with potent SNG1153 
inhibitor effectively eliminates infiltrated BCR-ABL+ blast cells and enhances survival 
of mice. Importantly, a unique mechanism of SNG inhibition was uncovered by 
demonstrating a marked interruption of the BCR-ABLTyr177-GRB2 interaction, leading 
to inhibition of the downstream RAS/MAPK pathway. This new combination therapy 
may lead to more effective disease eradication, especially in patients at high risk of 
TKI resistance and disease progression.

INTRODUCTION

Chronic myeloid leukemia (CML) is a 
myeloproliferative disease that originates from 
hematopoietic stem cells and evolves through three stages: 
chronic phase (CP), accelerated phases (AP) and blast 
crisis (BC). BCR-ABL+ acute lymphoblastic leukemia 
(ALL) closely resembles the aggressive lymphoid BC of 
CML and is prone to relapse with current therapies [1-5]. 
Both are uniquely defined by clone-specific BCR-ABL 

fusion genes that encode oncoprotein isoforms (p210BCR-

ABL and p190BCR-ABL) with constitutively elevated tyrosine 
kinase (TK) activity, driving pathogenesis [6, 7], which 
perturb many signaling pathways, including RAS/MAPK, 
PI3K/AKT and JAK2/STAT5 pathways [6, 7]. Particularly, 
the regulatory domains of BCR, such as tyrosine residue 
177 (Tyr177), can be phosphorylated by ABL. This 
allows for binding with GRB2, growth factor receptor-
bound protein 2, through its SRC Homology 2 (SH2) 
domain, an essential interaction for BCR-ABL-mediated 
leukemogenesis and RAS/MAPK activation [8-12]. 
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The small molecule inhibitor Imatinib (IM) has 
been the first line treatment for CP-CML patients for a 
decade, with remarkable efficacy [13, 14]. However, it is 
much less effective for treatment of advanced CML and 
BCR-ABL+ ALL patients, and primary and acquired IM 
resistance remain problematic [5, 15-17]. In particular, 
relapses are frequently associated with point mutations in 
the BCR-ABL TK domain, with more than 100 mutations 
documented [18-21]. Second generation TKIs, such as 
dasatinib (DA) and nilotinib (NL), have increased potency 
and show a broader spectrum of activity against mutant 
forms of BCR-ABL [22-24]. However, they cannot target 
a critical T315I gatekeeper mutation of BCR-ABL in 
TKI-resistant patients [17, 23, 25]. The third generation 
TKI ponatinib has been reported to inhibit the T315I 
mutation, but it displays toxicity and a phase 2 clinical 
trial was discontinued [26, 27]. In addition, most patients 
harbor residual leukemic stem cells (LSCs), which are 
known to be genetically unstable and less responsive 
to TKI treatments [19-21, 28-30]. These observations 
emphasize the need to develop new therapeutic agents 
and combination strategies to specifically target LSCs and 
BCR-ABL-T315I mutant cells. 

 Estrogen receptor variant ERα36 is highly 
deregulated in breast and other cancers [31-35]. It has 
considerable sequence homology with full length ERα66, 
but lacks the transcriptional activation domains (AF1 and 
AF2) and contains a unique C-terminal 27 amino acid 
sequence [36]. Interestingly, its abnormal expression is 
associated with poor prognosis in breast cancer [33] . In 
silico modeling shows that ER-α36 protein is structurally 
unhindered by the lack of a stretch of helical chain present 
in ERα66, resulting in a more open ligand-binding pocket 
in ERα36. By screening a library of traditional Chinese 
medicine compounds, a small molecular inhibitor (Icaritin, 
SNG162), a key component of Epimedium flavonoid 
isolated from Epimedium Genus, was identified, which 
inhibits growth of breast and liver cancer cells [37]. It 
was initially suggested that Icaritin and its analogs may 
function as estrogen modulators in regulating breast cell 
growth, but recent evidence demonstrates that it has 
broader anti-cancer activity in many cancer types [38-
41]. Ongoing SNG162 phase I/II clinical trials have been 
encouraging for patients with advanced hepatocellular 
carcinoma and advanced solid tumors (NCT01278810, 
NCT01972672 and NCT02496949). Interestingly, 
SNG162 also inhibits the growth of leukemic cell lines, 
including BCR-ABL+ cell lines, possibly by interfering 
with MAPK/ERK and JAK/STAT3 signaling pathways 
[42]. However, it is not known whether it has any 
biological effects on TKI-insensitive stem/progenitor cells 
or aggressive BCR-ABL+ blast cells and the underlying 
molecular mechanisms are also not understood. Here, we 
examined the biological effects of highly selective, orally 
bioavailable SNG inhibitors alone, or in combination 
with TKIs, on CD34+ treatment-naïve IM-nonresponder 

cells and TKI-resistant cells, including BCR-ABL-T315I 
mutant cells. We demonstrated that SNG inhibitor alone 
strongly inhibited cell growth and induced apoptosis; these 
effects were enhanced synergistically by TKIs in vitro. 
The combination also significantly enhanced survival in 
mice. Importantly, a unique molecular mechanism for 
the inhibitory effects on these TKI-resistant cells was 
discovered: marked disruption of the BCR-ABL-Tyr 
177-GRB2 interaction and further inactivation of the 
downstream RAS-MAPK pathway. 

RESULTS

Protein expression of ERα36 is highly increased 
in CD34+ CML cells and BCR-ABL-T315I mutant 
cells and it localizes to plasma membrane and 
cytoplasm 

To investigate if expression of ERα36 is altered in 
CML cells, we compared protein expression of ERα36 
in IM-sensitive vs. IM-resistant K562 cells (K562IMR, 
a spontaneously derived cell line without BCR-ABL 
mutation) [43], BCR-ABL-transduced human UT7 cells 
vs. BCR-ABL-T315I mutant-transduced cells and BCR-
ABL+ BV173 blast cells, using FACS analysis. Surface 
expression of ERα36 is greatly increased in K562IMR 
cells compared to parental K562 cells, and in BCR-ABL-
T315I mutant cells compared to wild-type BCR-ABL-
transduced cells (Figure 1A). Notably, the highest surface 
expression of ERα36 was found in aggressive BCR-ABL+ 

blast cells (BV173) from late stage disease. Interestingly, 
CD34+ CML cells from subsequent IM-nonresponders 
(n = 5) displayed significantly high levels of ERα36 
expression compared to CD34+ cells from IM-responders 
(n = 3) and NBM cells (n = 4, 2-3 fold, P < 0.01, Figure 
1B). Immunostaining in conjunction with FACS analysis 
demonstrated that ERα36 is mainly localized to the plasma 
membrane and cytoplasm, while ERα66 mainly localizes 
to the nucleus (Figure 1A-1B and Supplementary Figure 
1A). Thus, abnormal localization and increased expression 
of ERα36 occur in IM-nonresponder CML stem/progenitor 
cells and IM-resistant cell lines, including BCR-ABL-
T315I mutant cells. 

SNG162 or SNG1153 inhibitor alone inhibit cell 
proliferation in CML cells and these effects are 
enhanced by IM

To investigate if suppression of abnormal ERα36 
activity can affect proliferation and viability of CML 
cells, SNG162 inhibitor, and the more potent second 
generation SNG1153, were used. These molecules were 
generated based on the drug structure of Icaritin, which 
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was identified by drug screening and can mediate the 
activity of ERα36 [38, 44]. The IC50 values of SNG162 
and SNG1153 are 9µM and 4.9µM in K562 cells (Figure 
1C). Notably, SNG1153 alone inhibited viability of K562 
and K562IMR up to 70% compared to SNG162 (~40%) 
or IM (55% in K562 cells and 25% in IMR, Figure 1C). 
As expected, K562IMR cells were resistant to IM-induced 
apoptosis, with only 5% Annexin V+ cells after 48 hours of 
exposure to IM, while the addition of SNG1153 strongly 
increased the frequency of Annexin V+ cells (P = 0.014, 
Figure 2A). This effect was not observed in K562IMR 
cells with SNG162 plus IM, suggesting that SNG1153 
is a more potent inhibitor, which inhibits cell growth and 
induces apoptosis of IM-resistant cells. 

To determine whether the combination of SNG 
inhibitors and a TKI had synergistic or addictive effects, 
viability assays were performed on K562IMR cells, 
with graded doses of SNG1153 and IM, alone or in 
combination, for 48 hours. The average CI for ED50, 
ED75, and ED90 was calculated to be 0.22, indicating 

that the combination is highly synergistic (Supplementary 
Figure 1B). 

To further determine if knockdown of ERα36 could 
enhance IM-mediated inhibition of cell proliferation and 
apoptosis, as demonstrated by SNG inhibitors, K562 
cells were transfected with either a non-targeting siRNA 
control or two different siRNA targeting sequences against 
human ER (siER1 and siER2). Western blot analysis 
showed that transfection with siER1 reduced protein 
expression of ERα36 (~50%), while siER2 suppressed 
ERα66 (~70%, Supplementary Figure 2A). Interestingly, 
suppression of ERα36 in K562 cells increased sensitivity 
towards IM treatment compared to K562 cells transfected 
with scrambled siRNA or siER2, which suppressed full 
length ERα66, as assessed by cell viability and apoptosis 
assays (Supplementary Figure 2A). Thus, genetic 
and pharmacological suppression of ERα36 reduced 
proliferation and increased apoptosis of drug-insensitive 
CML cells, and sensitized them to IM treatment. 

Figure 1: Increased surface expression of ERα36 in TKI-resistant cells and CD34+ IM-nonresponder cells. A. Detection 
of surface expression of ERα36 in parental K562 and K562 IM-resistant cells (K562IMR), BV173 cells and human UT7 cells expressing 
either wild-type BCR-ABL (B/A) or BCR-ABL-T315 mutant (B/AT315I) cells using a specific anti-ERα36 antibody. B. Expression of 
ERα36 in CD34+ cells isolated from IM-nonresponders (n = 5), IM-responders (n = 3) and normal donors (n = 4). The differences detected 
were shown in mean fluorescence intensity of ERα36 in these samples. Values shown are the mean ± SEM of measurement from normal 
and CML patients. C. IC50 curves for K562 cells after 48 hours treatment with SNG162 and SNG1153 (from 0.1μM to 10 μM range). K562 
and K562IMR cells were treated with IM (0.5 μM for K562 and 2.5 μM for K562IMR), SNG162 (5 µM) or SNG1153 (2.5 μM) alone or 
in combination for 48 hours. Viable cells were analyzed by counting trypan blue excluding cells. The percentage of viable cells relative to 
untreated cells was expressed. Data shown are mean ± SEM of measurements from three independent experiments. 
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Combination treatment of IM with SNG 
inhibitors reduces phosphorylation of BCR-ABL-
Tyr177 and disrupts its interaction with GRB2 in 
IM-resistant and BCR-ABL-T315I mutant cells

To investigate the molecular mechanisms of SNG 
inhibitor regulation of IM-response/resistance of CML 
cells, we compared protein phosphorylation of key 
proteins in BCR-ABL-mediated signaling. As expected, 
BCR-ABL tyrosine kinase activity was reduced by IM in 
K562 and K562IMR cells and a combination of IM with 
SNG inhibitors further reduced its activity to some extent 
(Figure 2B). Most interestingly, phosphorylation of BCR-
ABL on tyrosine residue 177 (Tyr177) was substantially 
reduced in K562 cells, and to a lesser extent in K562IMR 
cells, by a combination of SNG162 or SNG1153 plus IM 
(Figure 2B). Co-immunoprecipitation experiments clearly 
demonstrated that the BCR-ABLTyr177-GRB2 protein 
interaction was markedly interrupted in K562IMR cells 

treated with SNG162 or SNG1153 plus IM, which was not 
observed with IM or SNG inhibitors alone (Figure 2C). 
This observation was supported by detection of a great 
reduction in phosphorylation of ERK1/2 kinase, a key 
component of the RAS-MAPK pathway, by IM plus SNG 
inhibitors (Figure 2B). In contrast, p-STAT5 was reduced 
with IM alone. 

 To investigate the effects of SNG inhibitors on 
BCR-ABL-T315I mutant cells, BCR-ABL (wild-type) 
and BCR-ABL-T315I transduced human UT7 cells were 
cultured with IM, SNG162, and SNG1153, alone or in 
combination, and viability assays were conducted. As 
expected, BCR-ABL-T315I cells were not responsive 
to IM treatment (96% viable cells), but were highly 
sensitive to SNG inhibitor treatment; SNG1153 alone 
effectively inhibited the growth of BCR-ABL-T315I 
cells up to 70% and strongly induced apoptosis compared 
to controls (Figure 3A). The strong inhibitory effect 
of SNG1153 on BCR-ABL-T315I mutant cells was 
further demonstrated by a pronounced reduction in total 

Figure 2: A combination of SNG inhibitors and TKI is more effective in inducing apoptosis and suppressing the 
phosphorylation of tyrosine 177 of BCR-ABL in K562 and K562IMR cells. A. K562 and K562IMR cells were treated with IM 
(0.5 μM for K562 and 2.5 μM for K562IMR), SNG162 (5 µM) or SNG1153 (2.5 μM) alone or in combination for 48 hours. Apoptotic cells 
were determined by Annexin V+ staining. Values are presented as mean ± SEM of three different experiments. B. Western blot analysis of 
protein expression of K562 or K562IMR cells treated with IM or SNG inhibitors, alone or in combination, for 48 hours. Specific antibodies 
used are indicated. The densitometry values of protein expression changes are indicated as compared to untreated control. C. GRB2 was 
immunoprecipitated from K562IMR cell lysates with the same treatment as indicated in B. The immunoprecipitates were then probed with 
either BCR-ABL or GRB2 antibodies. 
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colony numbers and colony size in colony-forming cell 
(CFC) assays (P < 0.05, Supplementary Figure 2B). Co-
immunoprecipitation demonstrated that SNG1153 alone 
significantly disrupted the BCR-ABL-GRB2 interaction 
(Figure 3B). These changes were not observed in BCR-
ABL-T315I mutant cells with MEK inhibitor PD0325901 
(Figure 3C), suggesting that SNG inhibitors directly affect 
phosphorylation status of BCR-ABL-Tyr177 and that 
reduction in phosphor-ERK1/2 kinase is a downstream 
event. 

SNG inhibitors in combination with TKIs are 
more effective in eliminating TKI-insensitive 
CML stem and progenitor cells

To investigate whether dual treatment may be 
effective for CML patients who do not respond adequately 

to single TKI treatment, we performed viability and 
apoptosis assays on CD34+ stem/progenitor cells obtained 
at diagnosis from CML patients classified retrospectively 
as IM-nonresponders (n = 4, Supplementary Table 1)
[45, 46]. As we reported previously [47], only 50% of 
pre-treated CD34+ CML stem/progenitor cells from IM-
nonresponders responded to IM or DA treatment, and 
combination treatments of IM or DA with SNG inhibitors 
were significantly more effective (P < 0.02, Figure 4A). 
Similarly, the combination significantly increased Annexin 
V+ cells (P < 0.02, Figure 4A). 

To further determine if SNG inhibitors plus TKIs 
eliminate pre-treatment LSCs and their progenitor cells 
from IM-nonresponders, in vitro long-term progenitor 
(CFC) and stem cell assays (LTC-IC) were performed. 
Interestingly, a combination of SNG162 or SNG1135 with 
IM significantly inhibited colony growth of CD34+ cells 
compared to single agents (72-80% vs. 10-45% reduction, 

Figure 3: Combination treatment with SNG inhibitors and IM disrupts the BCR-ABL-Tyr177-GRB2 interaction in 
BCR-ABL-T315I mutant cells. A. BCR-ABL (UT7B/A) and BCR-ABL-T315I (UT7T315I) cells were treated with IM (1.0µM for 
BCR-ABL cells and 5µM for BCR-ABL-T315I cells), SNG162 (10µM) and SNG1153 (5µM) alone or in combination for 48 hours and 
then analyzed with viability and apoptosis assays. B. GRB2 was immunoprecipitated and probed with a BCR-ABL or GRB2 antibody in 
BCR-ABL-T315I cells in the presence or absence of inhibitors indicated. C. BCR-ABL-T315I cells were treated with a MEK inhibitor 
(PD0325901), at concentrations indicated, for two hours, and cells were then harvested for Western blot analysis with indicated antibodies. 
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P < 0.05, Figure 4B). Furthermore, LTC-IC assays showed 
that more primitive CML cells were more significantly 
eliminated by combination treatment, particularly by 
DA with SNG1153 (P = 0.034, Figure 4C), indicating 
the potential benefit of combination therapy for targeting 
LSCs. Importantly, both SNG162 (10μM) and SNG1135 
(5μM) have no toxicity on CD34+ healthy BM cells (n = 7) 
in CFC assays, and the combination of SNG inhibitors and 
TKIs shows a similar effect to TKI alone (Supplementary 
Figure 3A). 

SNG inhibitors in combination with TKIs 
effectively eliminate aggressive BCR-ABL+ blast 
cells in vitro and significantly enhance the survival 
of leukemic mice

The combination effects of SNG inhibitors with 
TKIs were further investigated in aggressive BCR-ABL+ 

blast cells (BV173) that expressed the highest levels of 
ERα36 (Figure 1A), since TKI monotherapy is much 

Figure 4: A combination of SNG inhibitors with TKIs is more effective at inhibiting IM-nonresponder stem/progenitor 
cells. A. Viability of CD34+ CML cells obtained from IM-nonresponders (n = 4) was measured 72 hours after these cells were exposed to 
IM (5μM), DA (100nM), SNG162 (10μM) or SNG1153 (2.5μM), alone or in combination. Apoptosis assays were conducted in the same 
cells by detection of Annexin V+ cells compared to untreated cells. B. CFC assays were performed on CD34+ cells from IM-nonresponders 
(n = 4) with IM (5µM), SNG162 (10µM) or SNG1153 (5µM), alone or in combination. Colonies were counted after 14 days and were 
presented as the percentage of total numbers obtained from cells without any inhibitors. C. Long-term culture initiating cell assays (LTC-
IC) were performed on CD34+ CML cells obtained from IM-nonresponders (n = 3). The total LTC-IC derived colonies from treatment 
groups were expressed as a percentage of the LTC-IC derived total CFC numbers obtained from cells without any treatment. 



Oncotarget43668www.impactjournals.com/oncotarget

less effective in this late stage disease [3, 4]. BV173 
cell viability was significantly reduced with SNG162 
(60%) and SNG1153 (80%) alone, while IM or DA only 
resulted in 30% reduction after 48 hours; this was further 
enhanced by the combination of SNG inhibitors with TKI 
(P < 0.05, Figure 5A). Western blot analysis demonstrated 
that SNG162 or SNG1135 plus IM or DA reduced 
phosphorylation of Y177 of BCR-ABL and disrupted 

the interaction with GRB2 (Figure 5B, IM plus SNG 
inhibitors not shown). The result was further confirmed 
in the same cells treated with SNG1135 and DA, alone or 
in combination, by co-immunoprecipitation experiments 
(Figure 5C). 

To evaluate the efficacy of combination treatment in 
eliminating BCR-ABL+ blast cells with in vivo leukemia 
propagating activity, we utilized a human cell engrafted 

Figure 5: SNG inhibitors in combination with TKIs effectively eliminate aggressive BCR-ABL+ blast cells in vitro 
and disrupt the interaction between BCR-ABL-Tyr177 and GRB2. A. BV173 cells were treated with IM (1μM), DA (150nM), 
SNG162 (10μM), SNG1153 (5μM), alone or in combination, for 24 or 48 hours. The percentage of viable cells under each treatment 
condition is presented as mean ± SEM. B. Whole proteins were extracted from BV173 cells treated with inhibitors for 24 hours, and 
analyzed by Western blotting or by co-immunoprecipitation analysis. The densitometry values of protein expression changes are indicated 
as compared to untreated control.
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mouse model, which has been shown to generate a lethal 
leukemia in NOD/SCID mice [48-50]. Human BV173-
YFP+ cells carrying a luciferase reporter (2x106/mouse) 
were intravenously injected into sublethally irradiated 
NOD/SCID interleukin 2 receptor γ chain deficient (NSG) 
mice [48-51]. Two weeks after transplantation, mice were 

treated with vehicle control (propylene glycol), IM (50mg/
kg), DA (15mg/kg), SNG1153 (37.5mg/kg), IM plus 
SNG1153 or DA plus SNG1153 once a day for two weeks 
by oral gavage. Non-invasive bioluminescent imaging 
assays after one week of treatment demonstrated that mice 
treated with either DA alone or DA plus SNG1153 had 

Figure 6: Effects of oral treatment of SNG1135 with DA on the infiltration of human leukemic cells into hematopoietic 
tissues of mice. A. Schematic of in vivo experiments to assess the efficacy of drug treatments. 2x106 BV173-YFP cells/per mouse were 
intravenously injected into sub-lethally irradiated NSG mice. Treatment with DA or SNG1153, alone or in combination, was initiated two 
weeks after transplantation for two weeks. A non-invasive bioluminescent imaging assay was performed before treatment and one week 
after treatment and representative images from each treatment group are presented before and after treatment. B. One mouse from each 
group was sacrificed and hematopoietic tissues were collected for analysis. FACS profiles of YFP+ cells show the level of human leukemic 
engraftment in BM, spleen and liver. 
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dramatically lower intensity bioluminescent signals or no 
detectable signal compared to vehicle, IM, SNG1153 and 
SNG1153+IM (Figure 6A). The combination of SNG1153 
and DA also decreased the previously established 
leukemia below detection limits (Figure 6A). Seven mice 
were sacrificed for analysis at 5.5 weeks post-transplant. 
FACS analysis and histological examination revealed 
significantly increased engraftment of leukemic cells and 
extensive infiltration of leukemic cells into BM, spleen 
and liver of mice treated with vehicle, IM, SNG1153 and 
SNG1153+IM, while mice treated with DA or DA plus 
SNG1153 had no detectable engrafted leukemic cells and 
no infiltration of these cells into hematopoietic organs 
(Figure 6B & Supplementary Figure 3B). 

 The difference in infiltration of leukemic cells in 
hematopoietic organs between mice treated with DA or 
DA plus SNG1153 was more pronounced after 10 weeks 

post-transplantation (Figure 7A). Enlarged spleens and 
livers were observed in mice treated with DA alone and 
histological analysis revealed that these organs had more 
extensive infiltration of human leukemic cells compared to 
mice treated with DA plus SNG1153 (Figure 7A). FACS 
analysis demonstrated significantly reduced engraftment 
in BM and spleen of mice receiving combination 
treatment compared to DA alone (2 vs. 26% & 1 vs. 75%, 
respectively), which correlated to the transcript levels 
of BCR-ABL in these organs (p < 0.01, Figure 7C). In 
addition, greatly reduced phosphorylation and protein 
expression of BCR-ABL, p-CRKL and p-STAT5 were 
observed in mice treated with DA and SNG1153 compared 
to DA alone (Figure 7C). Importantly, DA plus SNG1153 
significantly prolonged survival compared to DA alone 
(median survival of DA+SNG1153 vs DA: 107 vs. 87 
days, P = 0.017), although DA treated mice survived 

Figure 7: Combination treatment of SNG1153 with DA significantly reduced leukemic cell infiltration in mouse 
hematopoietic tissues. A. In vivo bioluminescent images, taken eight weeks post-transplantation, of mice treated with DA and DA plus 
SNG1153. Mice treated with DA or DA plus SNG1153 were analyzed 10 weeks post-transplantation. The weight of spleen and liver, as 
well as H&E staining of these tissues, is presented. A mouse without any cell injection is presented as a control for H&E staining. B. FACS 
profiles show the engraftment levels of human leukemic cells in BM and spleen. C. The fold difference in BCR-ABL transcript levels in 
BM and spleen compared to a vehicle-treated mouse. Whole protein extracts from BM were analysed by Western blot analysis and probed 
with antibodies indicated. The densitometry values of protein expression changes are indicated as compared to vehicle control.
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longer than mice treated with vehicle, SNG1153, IM or 
IM plus SNG1153 (Figure 8A). These results indicate that 
oral combination treatment with the more potent inhibitors 
SNG1153 and DA together is more effective than either 
agent alone, or a combination of SNG1153 with IM, 
in eliminating BCR-ABL+ blast cells able to generate 
aggressive leukemia in mice, with significantly enhanced 
survival of leukemic mice. 

DISCUSSION

Here we provide strong evidence that pre-clinically 
validated SNG162 and SNG1153 inhibitors, especially 
more potent SNG1153, effectively target IM-resistant 
BCR-ABL+ blast cells and BCR-ABL-T315I mutant 
cells. This occurs through a distinct molecular action, 
which inhibits phosphorylation of the Tyr177 residue at 
the regulatory domains on BCR and prevents its binding 
to a key regulator GRB2, leading to reduced activities 
of the downstream RAS-MAPK pathway (Figure 8B). 
This suggests a new treatment option for TKI-resistant 
patients, particularly patients carrying the BCR-ABL-
T315I mutation. Specifically, we examined whether 
SNG inhibitors plus a TKI, to dually inhibit the BCR-
ABLTyr177-mediated GRB2-RAS-MAPK pathway in 
addition to BCR-ABL activity, might be a promising 

treatment for CML/ALL patients unlikely to respond to 
TKI monotherapies, as it could more effectively reduce the 
CML/ALL stem cell burden, and avoid the development of 
TKI-resistance and disease relapse. Our study on CD34+ 
treatment-naive IM-nonresponder cells provides direct 
support for this hypothesis. We demonstrated that SNG 
inhibitors, in combination with a TKI, markedly reduced 
the output of progenitor colonies and their more primitive 
stem cells in vitro, while these concentrations were much 
less toxic to primitive healthy BM cells (Figure 4 and 
Supplementary Figure 3A), providing strong scientific 
rationale for a therapeutic combination strategy to 
specifically target TKI-insensitive stem/progenitor cells. 

We have also investigated the efficacy of this 
combination strategy in eradicating BCR-ABL+ blast cells 
in vivo, a population with a high frequency of relapse [3, 
4]. Indeed, in vivo oral administration of SNG1153 and 
TKI dasatinib significantly eliminated infiltrated leukemic 
cells to a greater extent in multiple hematopoietic tissues, 
with statistically significant prolonged survival over TKI 
or SNG monotherapy (Figure 6-8). Compared with IM, 
dasatinib is not only a dual SRC-ABL inhibitor, but is also 
300-fold more potent in inhibiting ABL kinase in vitro, and 
induces much greater and faster rates of major molecular 
response [22, 52]. Thus, treatment with the potent TKI 
dasatinib alone was much more effective at prolonging 

Figure 8: Combination treatment of SNG1153 with DA significantly prolongs the survival of leukemic mice and a 
model for the mechanism of SNG inhibitors modulating the BCR-ABL-Try177-mediated downstream pathways. A. 
The survival curve of leukemic mice treated with inhibitors alone or in combination, as indicated. B. Model of the mechanisms by which 
SNG inhibitors directly inhibit tyrosine phosphorylation of BCR-ABL-Try177 and disrupt its interaction with GRB2 to further inactivate 
the RAS/MAPK signaling pathway.
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disease survival than IM alone, and the combination of 
SNG1153 and dasatinib even more significantly enhances 
survival of leukemic mice and prevents infiltration of 
leukemic cells in hematopoietic tissues (Figure 8A). It 
was noted that the combination of SNG1153 with IM did 
not result in an in vivo synergistic effect, possibly due to 
the aggressive nature of this leukemia model and much 
lower potency of IM, compared to DA, for treatment of 
late stage disease, as observed clinically [3, 4] [22, 52]. 

Interestingly, it has been suggested that Icaritin 
and its analogs target abnormal activity of ERα36, 
an alternative splicing variant of ERα66 with its own 
promoter, and subsequently inhibit cancer cell growth 
and induce apoptosis in a variety of cancer cell types 
[38-41, 44][53, 54]. The biological role of ERα36 and its 
relationship with BCR-ABL in CML/ALL is not known, 
but we demonstrated for the first time that ERα36 is 
highly expressed in BCR-ABL+ leukemic cells, including 
BCR-ABL-T315I mutant cells, and abnormally localizes 
to cytoplasm and cell membrane of these cells, differing 
from full-length ERα66 (Figure 1). More interestingly, 
increased expression of surface ERα36 was found in 
CD34+ IM-nonresponder cells compared to IM-responder 
cells or CD34+ normal BM cells, and knockdown of 
ERα36 in CML cells increased the sensitivity to IM 
treatment, while suppression of full length ERα66 did 
not have an inhibitory effect. These results provide new 
insights into the critical role of ERα36 in mediation of TKI 
response/resistance of primitive leukemic cells. 

Mechanistically, one of the most important findings 
of this study is the identification of the inhibitory 
effects of SNG inhibitors on the BCR-ABL-Tyr177-
mediated GRB2-RAS-MAPK pathway, within which 
SNG inhibitors inhibit phosphorylation of BCR-ABL 
at the Tyr177 site, which prevents its binding to GRB2 
and further reduces phosphorylation of ERK1/2. This 
observation was demonstrated in multiple BCR-ABL+ 
myeloid and lymphoblastic cells, indicating that it is an 
important common mechanism contributing to TKI-
resistance (Figure 2-5). Since it has been reported that 
c-ABL can physically interact with ERα66 to form a 
complex and inhibition of ABL activity sensitizes breast 
cancer cells to chemotherapy drugs [55, 56], it is possible 
that ERα36, as its full-length ERα66, interacts with BCR-
ABL, contributing to the activation of the BCR-ABL-
Tyr177-mediated GRB2-RAS-MAPK pathway and that 
its inhibition by SNG inhibitors plus TKIs effectively 
disrupts the BCR-ABL-Tyr177-GRB2 complex and 
inhibits its downstream pathway (Figure 8B). In addition, 
the importance of tyrosine phosphorylation of 177 within 
BCR-ABL in CML pathogenesis has been extensively 
investigated; in particular, replacing this tyrosine residue 
with phenylalanine (Y177F) abolishes its transforming 
activity in vivo [10]. Moreover, suppression of GRB2 
in BCR-ABL-transduced human CD34+ cells greatly 
inhibits cell proliferation and survival by inhibiting 

MAPK activation [57]. A recent study also suggests that 
BCR-ABL-mediated signaling pathways in CML cells 
are controlled by JAK2 through direct phosphorylation 
of tyrosine 177 of BCR-ABL [58]. It was interesting to 
observe that SNG1153 alone completely disrupted the 
BCR-ABLTyr177-mediated GRB2 protein interaction 
in BCR-ABL-T315I mutant cells (Figure 3B), but 
addition of a TKI seems to more effectively dissociate 
this protein complex in most BCR-ABL+ cells (Figure 2, 
3 & 5). This is most likely due to BCR-ABL-mediated 
autophosphorylation of tyrosine 177, since BCR-ABL can 
phosphorylate itself and several cellular signaling proteins 
[11, 12]. We therefore hypothesized that while BCR-ABL+ 
cells carrying a T315I mutation prevent binding of a TKI 
to the ATP-binding pocket of the BCR-ABL TK domain, 
BCR-ABL TK activity and protein expression are also 
enhanced in response to this abnormal activity, which in 
turn further phosphorylates Tyr177 on BCR, to activate the 
downstream RAS/MAPK pathway. Consistent with our 
findings, it has been observed that TKI treatment of BCR-
ABL cells containing T315I mutation leads to activation 
of MEK/ERK pathways [59]. Importantly, treatment 
of cells with MEK inhibitor PD0325901 did not affect 
phosphorylation of Tyr177, although MAPK activity was 
completely abolished (by 0.5 μM PD0325901) suggesting 
that SNG inhibitors directly regulate the phosphorylation 
status of BCR-ABLTyr177 and reduced p-ERK1/2 activity 
is likely an indirect, downstream effect (Figure 3C). 

 Taken together, our study strongly supports a 
therapeutic role for SNG inhibitors to complement the 
effects of TKIs by targeting additional key proteins and 
pathways, leading to more complete disease eradication 
for CML and BCR-ABL+ ALL patients, particularly those 
TKI-resistant patients carrying BCR-ABL mutations. 

MATERIALS AND METHODS

Human cells and suspension cultures

Heparin-anticoagulated peripheral blood (PB) 
cells were obtained from newly diagnosed patients with 
CP CML, prior to TKI therapies, who were classified, 
following IM monotherapy, as IM-nonresponders, based 
on the European Leukemia Net treatment guidelines 
(Supplementary Table 1) [45, 46]. Normal bone marrow 
(NBM) cells came from healthy donors. Informed 
consent was obtained and procedures were approved by 
the Research Ethics Board of the University of British 
Columbia. CD34+ cells were enriched utilizing EasySep 
CD34 positive selection kits as described [50]. 

CD34+ cells were cultured in serum-free medium 
with growth factors ± TKIs and SNG inhibitors as 
previously described [50]. Cell lines were cultured in 
RPMI-1640 media with 10% fetal bovine serum (FBS), 
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100 u/mL penicillin, 0.1 mg/ml streptomycin and 10-4M 
β-ME. 

Viability and apoptosis assays

 After 48 and 72 hours of suspension culture with or 
without drug treatment, cell viability was assessed using 
the trypan blue dye exclusion method [50, 51]. Apoptosis 
analysis was performed using an apoptosis detection 
kit (BD Biosciences, San Jose, CA). Total apoptotic 
cell numbers were calculated as the sum of the “early” 
apoptotic cells (AnnexinV+ only) and “late” apoptotic cells 
(Annexin V+/PI+). 

Establishment of a stable luciferase expressing 
BV173-YFP+ cell line model

A lentiviral vector MPV-Luc-YFP containing 
the luciferase report gene was used [60]. Lentiviral 
production was performed as previously described [50, 
51]. To establish a stable luciferase expressing BV173YFP 
cell line, parental BV173 cells were transduced with 
lentiviral particles and YFP positive cells were sorted by 
FACSAria. The sorted cells were maintained in RMPI-
1640 supplemented with 10% fetal bovine serum, for 
further experiments.

Analysis of drug interactions

Drug interactions were assessed in K562IMR cells 
after 48 hours of liquid culture in the presence of IM 
and SNG1153, alone or in combination, as previously 
described [51]. Briefly, the data were analyzed using 
constant-ratio drug combinations and the median-effect 
method of Chou and Talalay. The combination Index 
(CI) was calculated using CalcuSyn software (Biosoft, 
Cambridge, United Kingdom). CI < 1, CI = 1 or CI > 
1 represent synergistic, additive or antagonistic effects 
respectively.

siRNA-mediated knockdown of ERα36 in CML 
cells 

Two FlexiTube estrogen receptor (ER) siRNAs 
were purchased from Qiagen. Cells were transfected with 
siRNA using Hiperfect transfection reagents (Qiagen) 
according to the manufacturer’s instructions. Cells were 
analyzed using a variety of biological and molecular 
assays after 48 hours of transfection. 

Reagents

Imatinib, nilotinib and dasatinib were obtained from 
Selleckchem (Houston, TX, USA). SNG inhibitors were 

obtained from Shenogen Pharma Group Ltd (Beijing, 
China). 

Immunofluorescence staining and confocal 
analysis

Cells were prepared on poly-L-lysine coated slides 
and fixed with 4% paraformaldehyde for 20 minutes at 
room temperature. The cells were permeabilized and 
stained with either anti-ERα36 (Shenogen Pharma Corp 
Ltd) or anti-ERα66 antibody (Santa Cruz Biotechnology), 
and then incubated with Alexa-488 or Alexa-548 
conjugated anti-mouse secondary antibody (Invitrogen). 
Cells were then counterstained with DAPI and analyzed 
under a Nikon confocal microscope. 

Immuoprecipitation and western blots

Cells were lysed in PSB  buffer and protein 
concentration was determined as described previously [50, 
51]. For immunoprecipitation, cell lysates were incubated 
with antibodies at 4°C overnight. The immune complexes 
were incubated with protein G/A bead flurry for another 
two hours at 4°C. Samples were then heated and separated 
on 8% SDS-PAGE gels, and membranes were incubated 
with specific antibodies as listed in supplemental methods. 
Antibodies used were anti-ABL (8E9; BD Bioscience), 
anti-phospho-ERK (Cell signaling Technology), anti-
GRB2 (Santa Cruz Biotechnology), anti-phospho-Y177 
BCR (Cell Signaling), anti-STAT5 (Cell Signalling), anti-
phopho-STAT5 (Cell Signaling), anti-phospho-CRKL 
(Cell Signaling), and anti-phosphotyrosine antibodies 
(4G10; Millipore). 

Colony forming cell (CFC) and long term culture-
initiating cell (LTC-IC) assays

CFC assays were performed as described 
[50]. Briefly, CD34+ CML cells were mixed with 
methylcellulose medium and IM (5µM), SNG162 (10µM), 
SNG1153 (5µM), alone or in combination. Colonies were 
counted after two weeks. For LTC-IC assays, CD34+ CML 
cells were seeded on pre-established, irradiated stromal 
cells (M2-10B4) in myeloid long-term culture medium 
(Myelocult medium, STEMCELL Technologies) ± TKIs 
and SNG inhibitors. Cultures were maintained for six 
weeks, with weekly half medium changes. Cells were 
harvested and counted, and CFC assays were performed 
to obtain LTC-IC-derived CFC colonies. 

Transplantation experiments

2x106 BV173YFP+ cells/mouse were injected 
intravenously into 8 to 10-week-old, sub-lethally irradiated 
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(315 cGy) NOD/SCID-interleukin 2 receptor γ chain 
deficient (NSG) mice. Two weeks after transplantation, 
prior to the initiation of treatment, mice were analyzed 
for engraftment levels of leukemic cells by a non-
invasive bioluminescence imaging assay. To perform 
bioluminescence imaging assays, 50mg/kg D-luciferin 
was injected intraperitoneally and the injected mice 
were anesthetized by isoflurane. The signal was detected 
by an IVIS Lumina II CCD camera system. Mice were 
then treated with vehicle (propylene glycol), dasatinib 
(15mg/kg), SNG1153 (37.5 mg/kg), or DA plus SNG1153 
by oral gavage once a day for two weeks (5-8 mice per 
group). Bioluminescence imaging assays were performed 
at 2, 5 and 7.5 weeks post-transplantation to monitor the 
engraftment levels of human CML cells in mice from 
different groups. The level of engrafted CML cells in 
BM, spleen and liver was analysed by detection of YFP+ 
leukemic cells by FACS analysis. Liver and spleen from 
each animal were fixed with 10% (v/v) formalin, paraffin 
embedded and stained for H&E, for pathology assessment. 
The injected mice were monitored daily for weight loss 
and lethargy. 

Statistical analysis

Results are shown as the mean ± standard error 
of the mean (SEM) for at least three independent 
experiments. The difference between two groups was 
compared using two-tailed Student’s t-test for paired 
samples. One way ANOVA was also used, with correction 
for multiple group comparison, on GraphPad Prism 
version 6 (http://www.graphpad.com/prism/prism.htm). A 
P value < 0.05 was considered significant. For survival 
curve analysis, log-rank tests were utilized to compare 
median survival of mice from different treatment groups. 
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