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INTRODUCTION: 
A major challenge in the development of better therapeutics for cancers is the ability to 
evaluate whether a targeted therapy is successfully inactivating the expected pathway.  
Current approaches for detecting potential efficacy of a therapy in vivo are usually static 
measurements, often insensitive and require large amounts of clinical material 
precluding serial analysis of therapeutic activity.  To overcome this barrier, we have 
proposed in our grant to develop and utilize NIA and AutoChIP (in the original proposal, 
we called this micro-chip-ChIP) as tools to interrogate the mechanism of clinical 
response of patients with lymphoma to atorvastatin and the clinical response of leukemia 
to imatinib in vitro and in vivo.  For the entire period of funding, we have fulfilled our 
proposed aims and moreover, we have surpassed our objectives and obtained exciting 
results.  In summary, we have generated five published papers, two manuscripts in 
preparation, and we have also presented the DoD supported work in over 50 invited oral 
and poster presentations (list below). 
 
BODY: 
Specific Aim 1: To develop NIA and AutoChIP as tools for analyzing oncoprotein 
and signaling protein expression, phosphorylation and DNA binding in response 
to atorvastatin and imatinib in vitro in mouse and human cell lines. 
To address the deficiency of existing methods to measure oncoprotein and signaling 
protein expression or phosphorylation in limited clinical specimens, we proposed to 
develop NIA, a highly sensitive, quantitative and automated technique as a tool to detect 
expression and phosphorylation changes of oncoproteins and signaling proteins in 
response to atorvastatin and imatinib.  In addition, we proposed to develop AutoChIP, 
another highly sensitive and automated technique as a tool to measure DNA binding 
changes in response to atorvastatin and imatinib as our Specific Aim 1. 
 
Over the past three years, we have developed NIA protocols and optimized NIA 
conditions for several proteins including oncoproteins such as c-MYC and BCL2, 
signaling proteins including AKT2, AKT1/2/3, Erk1/2, MEK1, MEK2, pStat5, pStat3, 
apoptotic proteins such as cleaved caspase 3 and pJNK, and cell cycling proteins 
including CDC2 and p15 in in vitro cell lysates and in vivo mouse and human specimens 
[2010 Progress Report, 2011 Progress Report, appended paper 1, Figure 1, and 
Figure 2].  The development of these NIA assays enables us to have direct readouts for 
monitoring the molecular mechanism of response to targeted therapeutics in cells. 
 
Through the use of in vitro cell lines, we investigated the mechanism of atorvastatin’s 
and imatinib’s anti-cancer effects.  We found that atorvastatin treatment significantly 
decreases phosphorylation of c-MYC.  Moreover, we found that lymphoma cells 
overexpressing phospho-MYC mutants are more resistant to atorvastatin treatment.  Our 
findings support our central hypothesis proposed in our grant: Statin treatment mediates 
its anti-cancer effects by blocking c-MYC phosphorylation, resulting in either its 
degradation or its disassociation from E- box promoter region of target genes [2010 
Progress Report].  A manuscript concerning this work is in preparation. 
 
Also, we found that in BCR-ABL-induced human leukemia cells, K562 cells, imatinib may 
suppress activation of several signaling pathways including MAPK/Erk and Stat3/5 
pathways, inhibiting c-MYC expression and phosphorylation, thereby leading to cell 
cycle arrest, apoptosis, and senescence.  These results provide evidence that  
MAPK/Erk signaling are essential for imatinib’s clinical activity.  Specifically, a change in 
Erk2 phosphorylation appears to be a biomarker for TKI clinical activity [2010 and 2011 
Progress Reports]. 
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Beyond the initial aims proposed in our grant, we further extended our study on targeted 
therapeutics by adding other agent (ON01910.Na, a PLK1 inhibitor for myelodysplastic 
syndrome, MDS) with collaboration of other professors at Stanford University.  MDS is a 
hematological disorder characterized by different degrees of bone marrow failure and a 
propensity to evolve to acute myeloid leukemia (AML).  PLK1 (polo-like kinase 1) is 
known to be essential for mitosis and maintenance of genomic stability.  PLK1 is 
overexpressed in leukemia and PLK1 inhibitors have some activities in phase I studies 
of MDS patients [1-2].  The mechanism by which ON01910.Na affects pathogenesis and 
progression of MDS is unclear.  Groopman’s group reported that ON01910.Na, a styryl 
sulfonyl compound, is a PLK1 inhibitor.  It has anti-tumor activity against MCL (mantle 
cell lymphoma) by inducing cell cycle arrest and apoptosis through the mechanism of 
down-regulating cyclin D1 and c-MYC [3].  Based on the above studies, one of our 
collaborators initiated an IRB approved clinical trial of ONA01910.Na treatment with 
MDS patients at Stanford Hospital in 2009.  As a member of the research team, we have 
first investigated the mechanism of the anti-MDS property of ON01910.Na in TF1 cells, a 
human MDS cell line.  We have found that ON01910.Na blocks MEK/Erk signaling in 
TF1 cells by suppressing expression and phosphorylation of Erk1/2, MEK1 and MEK2, 
leading to cell cycling arrest and apoptosis [2010 Progress Report, Figure 3 and 4]. 
 
In the first year of funding period, we built an independent microfluidics system to 
perform AutoChIP in the Felsher laboratory.  This is beyond the goals we proposed in 
the original grant.  It took us a great effort and time to build the first AutoChIP system in 
our laboratory, but this in-house AutoChIP system enables us to unlimited access to this 
technology in the following two years of research in this grant.  Moreover, we tested and 
compared AutoChIP to conventional “Benchtop-ChIP”, optimized the AutoChIP protocol 
regarding sensitivity and specificity, evaluated antibodies against MYC, and applied the 
AutoChIP technology to mouse lymphoma cells to monitor c-MYC’s interaction with its 
target gene promoters.  Some of these results have recently been published [2010 and 
2011 Progress Reports, appended paper 2].  Additional results are currently in 
preparation for publication. 
 
Specific Aim 2: To use NIA and AutoChIP assays for interrogating the mechanism 
of clinical response to atorvastatin and imatinib in vivo in transgenic mouse 
models.  
We evaluated hypothesis one: statins inhibit MYC phosphorylation by blocking the Rac 
pathway, that then leads to reduced protein stability and/or loss of MYC DNA binding 
capacity to its target genes; and hypothesis two: Imatinib reverses leukemogenesis by 
altering phosphorylation states of signaling proteins in BCR-ABL signaling pathways.  To 
go beyond our in vitro findings, we interrogated the mechanism by which atorvastatin or 
imatinib treatment inhibit progression of MYC-induced lymphoma or BCR-ABL-induced 
leukemia in vivo in transgenic mouse models.  
 
First, we have identified that the inhibition of MYC activation is a possible mechanism for 
statin’s anti-cancer properties in our transgenic mouse models of MYC-induced 
lymphoma and MYC-induced hepatocellular carcinoma (in our original grant we 
proposed to look at lymphoma but we also have looked at hepatocellular carcinoma). 
We have published some of these results [2011 Progress Report and appended 
paper 3].   
 
Second, we have established an essential function for immune system in the mechanism 
of sustained tumor regression of MYC-induced lymphoma and BCR-ABL-induced B-cell 
acute lymphocytic leukemia (B-ALL) upon MYC or BCR-ABL inactivation, respectively in 
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vivo.  Our results were published in a high profile paper [2011 Progress Report and 
appended paper 4].  
 
Third, we have elucidated that the p19Arf gene is pivotal for tumor progression upon 
MYC activation and sustained tumor regression upon MYC inactivation in intro in MYC-
induced mouse lymphoma cells and in vivo in MYC-induced lymphoma mouse model 
[2011 Progress Report and Yetil and Adam et al., manuscript in review]. 
 
In our grant, we proposed to use NIA assays for interrogating the mechanism of clinical 
response to imatinib in vivo in transgenic mouse models.  We made a strategic decision 
that it was important to focus our NIA studies on a clinical trial of MDS with the 
therapeutic agent ON01910.Na, a PLK1 inhibitor.  This was a unique opportunity that 
although not part of our original proposal, was highly consistent with the overall 
objectives of our grant to develop NIA for the interrogation of drug activity in human 
patients.  In this manner, we were able to translate our results into humans well ahead of 
schedule of our grant.  Therefore, we chose to focus on these studies rather than focus 
on the use of our mouse models.  We believed this was the correct decision since we felt 
going into humans with our work was the highest priority. 
 
In our grant, we proposed to use AutoChIP assays for interrogating the mechanism of 
clinical response to atorvastatin and imatinib in vivo in transgenic mouse models.  After 
we built an independent microfluidics system in the Felsher laboratory, tested it, and 
after we compared AutoChIP to conventional “Benchtop-ChIP”, optimized the AutoChIP 
protocol regarding sensitivity and specificity, we realized that to better understand the 
molecular mechanism of targeted therapeutics, we should run whole-genome mapping 
of protein-DNA interaction with ChIP-sequencing.  However, current methods for whole-
genome mapping of protein-DNA interactions, performed by combining chromatin 
immunoprecipitation with next-generation sequencing (ChIP-seq), require large amounts 
of starting materials, which prevent their application to rare cell types.  Therefore, we 
initiated optimization to combine the highly sensitive AutoChIP assay with Illumina and 
Helicos, next-generation sequencing in order to perform genome-wide location analysis 
(AutoChIP-seq) for transcription factors such as MYC and/or epigenetic mapping of 
histone modifications in very small cell numbers (as low as 2,000 cells) [2011 Progress 
Report]. 
 
We used antibodies against MYC and H3K4me3, a well-known histone modification to 
activate gene transcriptions, to immunoprecipitate chromatin-protein complex in the 
mouse lymphoma cells from Tet-regulated conditional mouse model of MYC-induced 
lymphoma.  After AutoChIP and prior to sequencing library construction, we performed 
qPCR on the AutoChIP samples to check for enrichment at a MYC target gene, Odc1.  
As shown in Figure 5, both MYC and H3K4me3 AutoChIP samples show enrichment in 
the transcription factor-binding site, E-box region of Odc1 over an upstream control 
region.  Enrichment is very high in H3K4me3, as expected from a well-characterized 
antibody.  The absolute signal for Odc1 E-box in the MYC AutoChIP samples is 
relatively lower, but still enriched compared to both the genomic loci negative control 
Odc1 Upstream, and compared to the IP background control FLAG.  The AutoChIP 
appears to be quite clean, as FLAG pull-down, representing noise, is undetectable by 
qPCR.  After validating enrichment, we constructed the sequencing libraries on these 
samples and did ChIP-sequencing on an Illumina platform.  
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Table 1 summarizes the sequencing statistics of this experiment, which was sequenced 
on an Illumina HiSeq machine using version 3 chemistry, generating single-ended 50 bp 
reads.  We found that 911 gene-associated peaks (i.e. those peaks within 1.5 kbp of the 
TSS of a gene) were called in the H3K4me3 dataset, using a FDR cut-off of 0.01.  We 
then cross-referenced these genes to the MYC Target Gene Database [4] to find 
overlaps, and we identified 29 genes as MYC target genes that also associated with 
H3K4me3, a mark of open chromatin in areas of active gene transcription [Table 1].  
The database of target genes is curated from literature, and organisms and cell types 
listed in the Table 1 are based on the original experiment in which the MYC binding was 
identified.  The cell line used for this AutoChIP-seq is a lymphoma cell line that models 
human Burkitt’s lymphoma.  Thus, it is not surprising that most of the genes identified 
were originally identified in Burkitt’s lymphoma cells, indicating that a similar set of MYC 
target genes are being actively transcribed in the mouse lymphoma model and hence 
also bear H3K4me3 marks.  
 
After we optimized AutoChIP-seq protocol for H3K4me3, we are currently optimizing 
conditions for MYC.  In addition, we have generated chromatins from atorvastatin-
treated and untreated human lymphoma cells.  Once we finish optimization of MYC 
AutoChIP-seq, we will perform AutoChIP-seq with these chromatin samples to profile 
changes of MYC binding genes upon atorvastatin treatment. 
 
We are currently expanding application of the AutoChIP instrument in our lab.   We have 
optimized AutoChIP-seq, which exceeds the original goals of our grant.  We are now 
examining the DNA binding activity by MYC in vivo upon atorvastatin and imatinib 
treatments in transgenic mouse models.    
 
Specific Aim 3: To use NIA and AutoChIP assays for defining proteomic 
signatures of clinical response in human patients with lymphoma to atorvastatin 
and with chronic myelogenous leukemia to imatinib. 
In our grant, we proposed to identify proteomic biomarkers of clinical response in human 
patients to targeted therapeutics. 
 
Over the last three years, we have collected and banked 110 fine needle aspiration 
(FNA) samples from 24 lymphoma patients before statin treatment and at serial time-
points after statin treatment.  Up to date, we have analyzed 24 FNA specimens by flow 
cytometry, and we have run NIA assays for five different proteins in 30 FNA specimens.  
We are in the process of analyzing our data from these flow cytometry and NIA assays 
and correlating our data with patients’ clinical outcomes, in order to define biomarkers of 
clinical response in patients with lymphoma to atorvastatin.  We will perform flow 
cytometry and NIA assays with more FNA samples.  Our findings are being prepared for 
a manuscript. 
 
Since the first year of this grant funding, we have extended our NIA detection tool to 
study the possible mechanism of and to identify possible response biomarkers for other 
targeted therapeutics (ON01910.Na, a PLK1 inhibitor for MDS).  Our work goes beyond 
the aims we proposed in our grant proposal and has led us to great findings.  Along with 
our in vitro study of ON01910.Na [2010 Progress Report, Figure 3 and Figure 4], in 
the year 2 funding period, we started to optimize NIA conditions for sorted CD34+ bone 
marrow (BM) cells from human patients and initiated to analyze the changes of 
phosphorylation of some signaling proteins upon ON01910.Na treatments in BM 
samples from MDS patients in Dr. Peter Greenberg’s Phase II clinical trial at Stanford 
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Hospital [2011 Progress Report].  In the year 3 funding period, we profiled the 
phosphorylation changes with NIA for sorted CD34+ bone marrow cells from MDS 
patients pre- and post-treatment of ON01910.Na.  PI3K/AKT and MAPK/Erk/MEK 
signaling pathways are important to both pathogenesis and progression of many types of 
cancers including MDS and AML [5-7].  In AKT family, AKT2 is critical for metabolic 
signaling, protection against tumor cell apoptosis, and cancer cell invasion [8].  First, we 
compared percentages of pAKT2, pAKT2-isoform 3, pMEK1, and pCDC2 in CD34+ BM 
cells between MDS patients and normal BM donors.  As shown in Figure 6 and Table 2, 
we could not find specific distribution patterns in basal levels of phosphorylation of these 
proteins among MDS patients and normal BM donors.  However, NIA analysis revealed 
a correlation between phosphorylation changes of these proteins in CD34+ BM cells 
from MDS patients and their clinical responses upon ON01910.Na treatment [Figure 7 
and Table 3].  These data suggest that ON01910.Na might inhibit MDS progression 
through inactivation of both PI3K and MAPK pathways in vivo in MDS patients.  
Moreover, our data also suggest that measurement of specific phosphor-isoforms and 
percentage changes of the signaling protein phosphorylation with NIA may be developed 
as biomarkers for clinical outcome.  Our work has resulted in one published paper 
[appended paper 5] and one manuscript in preparation [Xu et al.].  
 
The CD34+ bone marrow cells we have analyzed with NIA are all collected and isolated 
on the same day at Stanford Hospital.  In order to open the possibility of analyzing BM 
specimens collected from other clinical centers, we need to develop a suitable specimen 
processing protocol to enable shipment of BM specimens from other institutes to 
Stanford for NIA analysis.  
 
We purified CD34+ cells from patient BM samples under various conditions [Figure 8], 
did NIA analysis, and compared NIA results generated from different processing 
conditions.  We found that bone marrow samples can be stored overnight at 4°C prior to 
CD34+ cell isolation for NIA analysis [Figure 9].  This enables other clinical centers ship 
BM samples with FedEx to us for further CD34+ cell isolation and NIA analysis.  
Because of the progresses we have made, Onconova Therapeutics, Inc. has started 
Phase III worldwide multi-center clinical trial for ON01910.Na on MDS patients. 
 
To further define the molecular mechanism of ON01910.Na activity in MDS, we will 
measure changes in additional oncoproteins and cell cycling proteins in MDS patients 
from this clinical trial.  We are in the process of optimizing NIA conditions for these 
additional proteins in patient samples.  We will develop proteomic biomarkers to confirm 
the mechanism of biologic response and to predict clinical response of MDS to 
ON01910.Na in a larger cohort of patients. 
 
Our work in MDS has been highly productive, yielded exciting biomarkers, helped 
identify novel therapy, validated a new approach for nanoscale proteomics and will result 
in multiple publications.  We believe these studies have been highly interesting and 
useful.  We believe these methods will also be useful for the examination of human 
patients with chronic myelogenous leukemia to imatinib, which we continue to pursue. 
 
We have collected and banked all our human patient specimens pre- and post-
treatment.  We are planning to run AutoChIP-seq with these samples in the future in 
order to profile activation changes of gene expression upon targeted therapeutics. 
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KEY RESEARCH ACCOMPLISHMENTS: 
• We have developed NIA assays and optimized NIA conditions for proteins 

including oncoproteins, signaling proteins, cell cycling, and cell senescence 
proteins so that we can have good readouts to directly evaluate the efficacy of a 
therapy and to interrogate the molecular mechanism of a therapy. 

• We have built an AutoChIP system in the Felsher laboratory, which goes beyond 
the proposed goals.  We also tested and optimized the AutoChIP protocol, and 
applied the AutoChIP technology to mouse lymphoma cells to monitor c-MYC’s 
interaction with its target gene promoters.  This work has been included in a 
paper that is in press (Wu et al., Lab on a Chip, 2012).   

• We have also developed and optimized the protocol for AutoChIP-seq.  We will 
be able to use AutoChIP-seq with the patient specimens we have collected and 
banked to understand the molecular mechanism of targeted therapeutics by 
profiling global changes of gene activation and inactivation upon the targeted 
therapeutics.  

• We have found that the decreased expression and phosphorylation of proteins in 
MEK/Erk and Stat3/5 signaling pathways are the landmarks of efficacy of 
targeted therapies for hematopoietic cancers.  Our findings have resulted in one 
publication (A. C. Fan et al. Nature Medicine, 2009). 

• We have identified the inhibition of MYC activation as a possible mechanism for 
statin’s anti-cancer properties in our transgenic mouse models of MYC-induced 
lymphoma and MYC-induced hepatocellular carcinoma (in our original grant we 
proposed to look at lymphoma but we have also looked at hepatocellular 
carcinoma).  Our results have been published (Cao et al., Cancer Research, 
2010).  

• We have found that MYC protein levels are reduced in response to imatinib 
treatment of BCR-ABL-induced leukemia cells in vitro.  Our results suggest an 
unanticipated mechanism of action for this therapeutic agent. 

• We have established an essential function for immune system in the mechanism 
of sustained tumor regression of MYC-induced lymphoma and BCR-ABL-induced 
B-cell acute lymphocytic leukemia (B-ALL) upon MYC or BCR-ABL inactivation, 
respectively in vivo.  Our results have been published in a high profile paper 
(Rakra et al., Cancer Cell, 2010). 

• We have elucidated that p19Arf gene is pivotal for tumor progression upon MYC 
activation and sustained tumor regression upon MYC inactivation in intro in MYC-
induced mouse lymphoma cells and in vivo in MYC-induced lymphoma mouse 
model.  The results from this work have been included in a manuscript that has 
been reviewed and is now being revised for resubmission (Yetil and Adam et al., 
2012).  

• We have collected FNA specimens from the patients recruited in our statin 
clinical study before and after treatments.  We have run the flow cytometry and 
NIA analyses on some of these FNA samples.  After we run and finish the 
analyses with more FNA specimens, we will wrap up our findings as a paper.   

• We have been provided with a unique ability to utilize NIA to identify the 
mechanism of action of a PLK1 inhibitor, ON01910.Na, in clinical specimens from 
patients with myelodysplastic syndrome (MDS).  This exciting work goes beyond 
the aims we proposed in the grant and it has generated one published paper 
(Seetharam et al., Leukemia Research, 2012) and one manuscript in preparation 
(Xu et al., 2012).  
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• We have developed a feasible specimen processing protocol for NIA analysis, 
which has facilitated Onconova Therapeutics, Inc. to start the Phase III worldwide 
multi-central clinical trial of ON01910.Na on MDS patients. 
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CONCLUSIONS: 
We have achieved the goals of our proposed Specific Aims in our grant. Over the three-
year funding period, we have made excellent progress achieving these goals.  Indeed, 
we have exceeded our objectives as follows: 1). We have identified the molecular 
mechanism of a novel PLK1 inhibitor, ON01910.Na, for the treatment of MDS.  2).  We 
have identified biomarkers that appear to predict the clinical activity of this drug for MDS.  
3). We have built an independent AutoChIP instrument in the Felsher laboratory, which 
enables us to unlimited access to this technology.  4). We have optimized conditions for 
AutoChIP-seq that will enable us to understand the molecular mechanism of targeted 
therapeutics by profiling global changes of gene activation and inactivation.  Finally, 
during the three years of funding period, we have generated five published papers, two 
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manuscripts in preparation, and we have also presented the DoD supported work in over 
50 oral and poster presentations. 
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Nanofluidic proteomic assay for serial analysis of
oncoprotein activation in clinical specimens
Alice C Fan1, Debabrita Deb-Basu2, Mathias W Orban1, Jason R Gotlib3, Yasodha Natkunam4, Roger O’Neill2,
Rose-Ann Padua5, Liwen Xu1, Daryl Taketa2, Amy E Shirer1, Shelly Beer1, Ada X Yee1, David W Voehringer2 &
Dean W Felsher1

Current methods of protein detection are insensitive to

detecting subtle changes in oncoprotein activation that

underlie key cancer signaling processes. The requirement for

large numbers of cells precludes serial tumor sampling for

assessing a response to therapeutics. Therefore, we have

developed a nanofluidic proteomic immunoassay (NIA) to

quantify total and low-abundance protein isoforms in

nanoliter volumes. Our method can quantify amounts of MYC

oncoprotein and B cell lymphoma protein-2 (BCL2) in

Burkitt’s and follicular lymphoma; identify changes in

activation of extracellular signal–related kinases-1 (ERK1)

and ERK2, mitogen-activated kinase-1 (MEK), signal

transducer and activator of transcription protein-3 (STAT3)

and STAT5, c-Jun N-terminal kinase (JNK) and caspase-3 in

imatinib-treated chronic myelogeneous leukemia (CML) cells;

measure an unanticipated change in the phosphorylation of

an ERK2 isomer in individuals with CML who responded to

imatinib; and detect a decrease in STAT3 and STAT5

phosphorylation in individuals with lymphoma who were

treated with atorvastatin. Therefore, we have described a new

and highly sensitive method for determining oncoprotein

expression and phosphorylation in clinical specimens for the

development of new therapeutics for cancer.

Cancer is frequently associated with the abnormal expression and
phosphorylation of oncogenes1–4. Specific hematopoietic tumors are
frequently characterized by the discrete activation of specific onco-
genes such as MYC5–7, BCL28,9 and BCR-ABL (encoding breakpoint
cluster region-Abelson)10–13. Targeted inactivation of oncoproteins is
emerging as a specific and effective therapy for cancer14,15. The best
known example of a targeted therapy is imatinib mesylate, a small
molecule that inactivates several tyrosine kinases, including the BCR-
ABL tyrosine kinase in CML16–18. Imatinib treatment results in tumor
cell signaling changes in vitro, leading to cell death19,20. In general, the
ability to detect specific oncoproteins and their activation state is likely
to be highly useful toward the development of new therapeutics as well

as in monitoring the effectiveness of these treatments and in
evaluating apparent therapeutic resistance13,21.

To accurately measure oncoprotein expression and activation in
limited clinical specimens, we have developed the NIA detection
method, which combines isoelectric protein focusing and antibody
detection. Here we show that we can use this new technique to
quantify oncoprotein expression and phosphorylation in clinical
specimens to precisely measure specific changes in phosphoisomers
of oncoproteins in vitro and in vivo.

RESULTS

NIA detection of oncoprotein expression in clinical specimens

NIA incorporates isoelectric focusing of proteins followed by antibody
detection of specific epitopes with chemiluminescence22. The chemi-
luminescent signal is rendered as a chemiluminescence isoelectrophero-
gram (trace) of relative luminescence units (RLU) on the y axis versus
isoelectric point (pI) on the x axis (Fig. 1a). As little as 2 pg of
recombinant MYC protein could be detected in 4 nl of sample per
capillary (final capillary concentration 0.004–0.12 pg nl–1) at the
expected pI of 5.6 with a linear response (Fig. 1b, R2 ¼ 0.9984).
Concentrations of BCL2 could be detected over up to a three-log
dynamic range at pI 6.7 (Fig. 1c, R2 ¼ 0.9647). Therefore, NIA is highly
quantitative and sensitive over a large dynamic range.

Next, we assessed the ability to detect oncoproteins in tumor cell
lines both in vitro and in vivo. Previously, we described the generation
of a conditional transgenic lymphoma model that uses the Tet-off
system to regulate oncoprotein expression23–25. Briefly, the Tet-off
system was used to conditionally regulate the expression of a human
MYC or BCL2 transgene in lymphocytes. In the absence of doxycy-
cline, the transgene is expressed, and in the presence of doxycycline,
the transgene is turned off. In our tumor-derived cell lines, MYC and
BCL2 were readily detected by NIA, comparable to western blot
analysis (Supplementary Fig. 1 online). Each oncoprotein measure-
ment from these tumor lysates showed a characteristic peak profile
defined by how post-translational modifications influence its iso-
electric point. The profile obtained from mouse tumor lines was
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different from the recombinant BCL2 described above because NIA is
exquisitely sensitive to the cationic charge associated with the histidine
tag of the recombinant protein. Our results elaborate how NIA can
distinguish and measure oncoprotein expression from tumor cell lines.

To evaluate whether we could quantitatively detect oncoprotein
expression in vivo, we inoculated conditional mouse tumor-derived
cell lines into syngeneic mice. Examination of serial tumor samples by
fine needle aspiration (FNA) confirmed that both MYC and BCL2
expression could be readily detected and quantified in vivo by NIA
with results comparable to western blot analysis (Fig. 1d,e). To
determine oncoprotein expression in human tumors, we measured
MYC and BCL2 abundance in four lymphomas and two benign lymph
nodes. As expected, we detected increased MYC protein abundance in

Burkitt’s lymphoma and increased BCL2 protein abundance in folli-
cular lymphoma compared with benign nodes (Fig. 2a). Thus, NIA
can reproducibly detect changes in oncoprotein expression even from
limited clinical biopsy specimens from mouse or human tumors.

Our results suggested that we may be able to precisely quantify the
amounts of oncoproteins in clinical specimens. We analyzed a set of 27
human specimens that included Burkitt’s lymphoma, follicular lym-
phoma and benign lymph nodes, as well as normal peripheral blood
mononuclear cells (set 1; Fig. 2b). In this set, Burkitt’s lymphoma
samples expressed MYC at a level higher than all of the other sample
groups (Mann-Whitney test, P o 0.0001). All of the Burkitt’s
lymphoma specimens had a MYC expression level higher than
0.2 RLU, compared with 11% of the follicular lymphoma specimens.
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Figure 2 NIA for the detection of oncoproteins in human cancer

specimens. (a) Left, representative traces of NIA performed on six clinical
biopsy specimens for MYC, BCL2 and HSP-70. Middle, bar graphs showing

peak areas detected by NIA; mean of four replicates per sample ± s.e.m.

Right, western blot analysis of the specimens. (b) Normalized NIA data

from a prospective analysis of MYC (top) and BCL2 (bottom) oncoprotein

expression in two sets of clinical specimens. Set 1 included eight Burkitt’s lymphoma, nine follicular lymphoma and ten normal samples (the first four

normal specimens were benign lymph nodes and the last six normal specimens were control peripheral mononuclear cell samples). Set 2 included seven

Burkitt’s lymphoma, eleven follicular lymphoma, five marginal zone (MZ) lymphoma and nine DLBCL specimens. Data are represented as the normalized

peak areas detected by NIA; mean of four replicates per sample ± s.e.m.

Figure 1 NIA for the quantitative analysis of

oncoproteins. (a) Schematic of the use of NIA

for the measurement of oncoproteins from

clinical specimens. NIA can be used to measure

oncoprotein expression and phosphorylation

in clinical specimens, incorporating charge-

based separation coupled to antibody detection.

(b,c) Detection of recombinant MYC (b)

or BCL2 (c) oncoproteins in vitro by NIA.

Left, representative NIA traces of MYC (black,

0.004 pg nl–1; red, 0.012 pg nl–1; blue,

0.04 pg nl–1; green, 0.12 pg nl–1) or BCL2

(green, 0.0019 pg nl–1; red, 0.0075 pg nl–1;

blue,0.03 pg nl–1; orange, 0.12 pg nl–1; purple,

0.47 pg nl–1; black, 1.8 pg nl–1). Right, the trace
data are represented as the peak area versus

protein concentration. The calculated correlation

coefficients are shown. (d,e) Detection of MYC

(d) or BCL2 (e) oncoproteins in transgenic mouse

tumors obtained from serial FNAs by NIA. Serial

FNAs were obtained from subcutaneous tumors

in mice before (on) and after (off) the suppression

of expression of MYC or BCL2. Left, represen-

tative NIA traces. Right, corresponding western

blot analysis.
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Follicular lymphoma samples expressed significantly more BCL2 than
all other sample groups (Mann-Whitney test, P o 0.0001); 89% of
the individuals with follicular lymphoma had a BCL2 level higher
than 0.06 RLU, compared with none of the individuals with Burkitt’s
lymphoma. BCL2 was detectable and quantifiable even in normal
specimens (Fig. 2a,b). NIA was quantitative enough to distin-
guish statistically significant differences in oncoprotein expression
between lymphomas.

To validate our results, we next quantified MYC and BCL2
abundance in a new series of clinical specimens including seven
Burkitt’s lymphoma, eleven follicular lymphoma, nine diffuse large
B cell lymphoma (DLBCL) and five marginal zone lymphoma speci-
mens (set 2; Fig. 2b). We confirmed that the MYC threshold of
0.2 RLU and the BCL2 threshold of 0.06 RLU were statistically
significant for distinguishing Burkitt’s from follicular lymphoma
(Fisher’s exact test, two-tailed: P ¼ 0.0498 and P ¼ 0.0474, respec-
tively). We observed that two of nine DLBCL tumors over-
expressed BCL2, and many tumors expressed high amounts of MYC
(Fig. 2a,b). In contrast, marginal zone lymphomas expressed a low
mean level of 0.18 RLU MYC (Fig. 2a,b). Hence, we found that in 44
of 49 tumor specimens the MYC and BCL2 expression differed when
compared with normal controls.

NIA of oncoprotein phosphorylation in

clinical specimens

A key feature of NIA is that it can be used to
identify phosphorylated isoforms of a pro-
tein22. We detected ERK and distinct patterns
of phosphoisomers in the normal and lym-
phoma specimens (Supplementary Fig. 2a
online). Next, we identified mitogen-activated
protein kinase kinase-1 (MEK1) and MEK2
isomers (Supplementary Figs. 2b and 3
online). We performed the experiments in
quadruplicate, and they were highly reprodu-
cible. We could detect as little as a 10%
difference in abundance of specific phosphor-
ylated isoforms of either ERK or AKT across
the panel of specimens. Our results show
that NIA is highly sensitive, reproducible
and quantitative.

Next, we evaluated whether we could detect
specific protein signaling changes in human
tumors in response to targeted therapy. Treat-
ment of the K562 human CML cell line with
imatinib in vitro resulted in changes in the
phosphorylation of STAT3, STAT5, JNK,

MEK1 and MEK2 and an expected increase in activated caspase-3
associated with apoptosis (Fig. 3 and Supplementary Fig. 4 online).
To facilitate a comparison with western blot results, we converted the
data into a ‘pseudo-blot’ representation. In a pseudo-blot, the area
under each NIA peak is represented as a band at the corresponding
isoelectric point. By visualizing different isoforms we were able to
identify that imatinib treatment was associated with a decrease in the
expression of a specific ERK2 phosphoisomer (Supplementary Fig. 5a
online). Thus, NIA seemed to detect a unique signaling change in
response to the targeted therapeutic agent, imatinib.

To evaluate whether we could identify changes in protein signaling
in vivo in clinical specimens, we measured changes in oncoprotein
signaling in the tumor cells in the peripheral blood of individuals with
CML treated with tyrosine kinase inhibitors. All seven subjects who
responded to tyrosine kinase inhibitor therapy showed a 54–100%
decrease in a monophosphorylated ERK2 isoform (Fig. 4a and
Supplementary Fig. 5b,c), whereas two subjects who were resistant
to tyrosine kinase inhibitor therapy did not (Fig. 4b,c and Supple-
mentary Table 1 online). Although basal ERK2 expression was not
different (Supplementary Fig. 6 online), the relative fold change in
ERK2 phosphorylation was different between subjects with CML
who responded to therapy versus those who did not (unpaired
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Figure 3 NIA detection of changes in oncoprotein

activation in CML cells treated with imatinib.

NIA was used to quantify proteomic changes in

the K562 cell line treated with imatinib in vitro

for 0, 4 and 20 h. MEK1, MEK2, phospho-JNK

(pJNK), pSTAT5 and activated caspase-3 were

detected by NIA. From left to right: representative

traces for the protein of interest, bar graph of NIA

quantification of each protein, NIA pseudoblot

representation and western blot data. Peaks on

the traces that represent phosphorylated isoforms

are indicated with black arrows. All measure-

ments were performed in six replicates, and bar

graph data are represented as the mean peak

area ± s.e.m.
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t test, two-tailed P¼ 0.0007). Thus, NIA may have identified a specific
change in ERK phosphorylation that seems to be associated with a
clinical response to effective therapy.

Finally, we determined whether NIA could be used to serially
monitor the response of a patient’s tumor to a potential biologic
response modifier in vivo. Recently, we described that atorvastatin
treatment causes tumor regression associated with specific changes in
oncoprotein signaling in a mouse model of lymphoma26. We have
investigated whether atorvastatin has biological activity in humans
with lymphoma. We found that patients treated with atorvastatin

showed detectable decreases in phosphorylation of STAT3 and STAT5
after 8 d of treatment (Fig. 5). Thus, we found that atorvastatin has
unanticipated in vivo biologic activity against human lymphoma cells.

DISCUSSION

We have developed a highly sensitive and reproducible nanoscale
technology to measure oncoprotein expression and phosphorylation
and to identify the biological response to therapeutics. Our method
detected as little as 2 pg of protein in as few as 4 nl of material over a
three-log dynamic range. We quantified MYC and BCL2 oncoproteins

as well as changes in cancer signaling proteins
including ERK, MEK, JNK, STAT3 and STAT5
and apoptotic proteins such as caspase-3. The
requirement of only a small amount of mate-
rial enabled us to analyze serial samples of the
same tumor in vivo, as we demonstrated in
mouse models of lymphoma and in human
tumor specimens; oncoprotein phosphoryla-
tion decreased in samples obtained from
subjects with lymphoma before and after
initiating treatment with imatinib or ator-
vastatin. We have shown that our method
may have utility both for preclinical and
clinical studies.

Our method enables the analysis of solid
tissue specimens such as from tumor biopsies,
as we illustrate through the analysis of lym-
phoma specimens. Thus, we could quantify
differences in MYC and BCL2 oncoprotein
expression in normal lymph tissue and
different non-Hodgkin’s lymphoma subtypes,
including Burkitt’s and follicular lymphomas.
DLBCL and marginal zone lymphomas were
not as readily distinguished, underlining that
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specimens. Patients undergo pretreatment tumor sampling at baseline and again after 8 d of treatment

with atorvastatin. (b) NIA analysis of tumor cells for changes in pSTAT3 and pSTAT5. (c) NIA

quantification of pSTAT3 and pSTAT5 ± s.e.m. Samples were run in triplicate.
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lymphomas can have complex patterns of oncoprotein overexpression,
and single proteomic measurements are not sufficient to distinguish
most subtypes27–38. The pathological diagnosis of lymphoma as well as
of other tumor subtypes requires the combination of a number of
analytical methods, including histological, biochemical and genetic
techniques. Our approach has unique features that may complement
these existing methodologies.

We were able to precisely measure oncoprotein isoforms that may
be useful in the analysis of the therapeutic response in clinical tumor
specimens. Previously, in vitro studies had suggested that treatment of
CML tumor lines with imatinib results in decreased ERK phosphor-
ylation19,20. With our approach, we were able to identify specific and
rare ERK isoforms in vivo in subjects with CML that would only be
detectable with large amounts of tumor tissue for alternative techni-
ques such as two-dimensional blots or mass spectrometry. Charge-
based separation via isoelectric focusing of each protein isoform on
the basis of its unique pI allowed simultaneous quantification of
multiple isoforms of the same protein in relative proportions that
could not have been detected a priori by western blot or FACS
techniques. Our results would have been missed by conventional
immunoassay or flow cytometric techniques, as commercially avail-
able immunoreagents for activated ERK are raised against dually
phosphorylated ERK epitopes. Unlike FACS samples, NIA samples
did not require processing into a single cell suspension, fixation or
permeabilization. Furthermore, the decreased ERK2 phosphorylation
correlated with the clinical response to tyrosine kinase inhibitors.
Future studies will determine whether ERK2 phosphorylation will
identify the 15% of patients in whom imatinib will eventually lose
its effectiveness.

In addition, we were able to serially sample tumors in subjects with
lymphoma for a biologic response to a therapeutic agent, atorvastatin.
Our observations are consistent with our previous description that
atorvastatin decreases STAT3 and STAT5 phosphorylation in mouse
models of lymphoma26. One possible explanation for these findings is
that atorvastatin treatment leads to the inhibition and activation
of signaling molecules upstream of STAT3 and STAT5 (ref. 26). Our
observations illustrate that NIA could be similarly used to determine
the protein signature of and identify biomarkers for response to
known and new therapeutic agents.

Our results demonstrate how a nanoscale proteomic technology can
be used to uncover unanticipated changes in protein signaling in vivo.
Small perturbations in the equilibrium between active and inactive
protein isoforms may have marked effects on the biologic state of a
cell39. Our approach provides a new technique that could be incor-
porated into preclinical and clinical studies to evaluate subtle shifts in
protein abundance and modification that may be useful for the
discovery of new drugs that target protein pathways and the identi-
fication of biomarkers of therapeutic efficacy.

METHODS
Nanofluidic proteomic immunoassay. We performed NIA experiments with a

Firefly instrument (Cell Biosciences)22. Briefly, for each capillary analysis, we

diluted 4 nl of 10 mg ml–1 lysate to 0.2 mg ml–1 in 200 nl HNG (20 mM HEPES

pH 7.5, 25 mM NaCl, 0.1%, 10% glycerol, Sigma Phosphatase Inhibitor

Cocktail 1 diluted 1 in 100 and Calbiochem Protease Inhibitor diluted 1 in

100). We added 200 nl sample mix containing internal pI standards. The Firefly

system first performed a charge-based separation (isoelectric focusing) in a

5-cm-long, 100-micron-inner-diameter capillary. We calculated predicted pIs

with Scansite40. We ran each sample on a panel of different pH gradients

(pH 3–10 and pH 2–11) to optimize the resolution of different peak patterns.

After separation and photo-activated in-capillary immobilization, we detected

proteins with antibodies. We detected MYC protein with the 9E10, OP-10

mouse monoclonal antibody that recognizes human MYC (Calbiochem). We

detected BCL2 protein with the clone 124 mouse monoclonal antibody that

recognizes human BCL2 (Dako Laboratories) and the clone 6C8 monoclonal

hamster antibody that recognizes human BCL2 (Becton-Dickinson). We

detected total ERK1 and ERK2 protein with a rabbit polyclonal antibody that

recognizes mouse and human ERK1 and ERK2 (Upstate). We detected

phospho-ERK1 and phospho-ERK2 protein with a mouse monoclonal anti-

body that recognizes both mouse and human phospho-ERK1 and phospho-

ERK2 (Cell Signaling). We also used antibodies to activated caspase-3 (Cell

Signaling), MEK1 (Upstate), phospho-MEK1 (Novus), MEK2 (Abcam), phos-

pho-STAT3 (Cell Signaling), phospho-STAT5 (Cell Signaling), phospho-JNK

(Cell Signaling) and heat shock protein-70 (HSP-70; Novus).

Nanofluidic proteomic immunoassay peak area quantification. We quantified

the peaks with peak analysis software. We manually selected the start and end of

each peak and a flat baseline. We calculated the area of each peak by dropping

verticals to the baseline at the peak start and end and summing the area

between the start and endpoints. NIA has previously been shown to be able to

discriminate between and to quantify phosphorylated and unphosphorylated

isoforms of ERK in a single sample with a total ERK antibody22. The areas

under different peaks within a single tracing represented various ERK isoforms.

To calculate the percentage of monophosphorylated ERK2 (identified here as

peak 3), we divided the area under peak 3 by the sum of the area under the total

ERK peaks. We ran samples in duplicate.

Nanofluidic proteomic immunoassay pseudoblot generation. We created the

pseudoblots by a linear mapping of the signal intensity to a grayscale image.

Each pseudoblot lane is representative of a single capillary and consists of

horizontal bands corresponding proportionally to the signal present. Absence

of signal is white, whereas increasing signal is seen as an increasing dark band. It

should be noted that what is seen as a single band of protein in a size-based

western blot can appear as either a single band on an NIA pseudoblot or, when

multiple charged isomers of the protein are present, as multiple bands on an

NIA pseudoblot.

Human tumor samples. We obtained tissues from subjects and banked them

per Stanford University Institutional Review Board–approved protocols. We

obtained informed consent from all subjects. We isolated CML and CLL cells

from total blood by Ficoll separation, resuspended them in heat-inactivated

FBS plus 10% DMSO and stored them in liquid nitrogen. We thawed tumor

cells stored in liquid nitrogen at 37 1C into prewarmed PBS and washed them

once in PBS immediately before use. We obtained four previously banked

follicular lymphomas viably cryopreserved in a single cell suspension. We

also obtained previously banked Burkitt’s lymphomas, follicular lymphomas,

marginal zone lymphomas, T cell acute lymphoblastic leukemia and nonma-

lignant lymph nodes frozen in optimal tissue-cutting blocks from the Stanford

Hematology Division Tissue Bank.

Data and statistical analyses. We did NIA Multipeak fitting and peak area

calculations with Peak Fit version 4.11 (Systat Software), using Gaussian peaks

with variable widths, as previously described22. To obtain R2 correlation

coefficients, we calculated the best-fit line by linear regression with IGOR

Pro version 5.03 (Wavemetrics). We compared NIA quantifications of MYC

and BCL2 abundance to the relative intensity of respective quantified western

blot bands by Pearson correlation. We used the paired t test (two-tailed) to

analyze the percentage of phospho-ERK2 peak 3 before and during treatment.

We performed the Mann-Whitney rank-sum test on the panels of clinical

specimens with Prism version 4.0 (GraphPad). We also used Prism version 4.0

for Fisher’s exact test (two-tailed) analysis of contingency table data for MYC

and BCL2.

Normalization of nanofluidic proteomic immunoassay data. We normalized

NIA data in a similar fashion to normalization of traditional western blots or

other molecular biology assays. We used HSP-70 as a ‘housekeeping’ protein for

NIA normalization. We calculated RLU by dividing the measured peak area for

the protein of interest by the measured peak area for HSP-70 and expressed it
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as a percentage. Across different experiments, we used a standardized lysate

control for calibration of instruments and runs.

Additional methods. Detailed methodology is described in the Supplementary

Methods online.

Note: Supplementary information is available on the Nature Medicine website.
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Chromatin Immunoprecipitation (ChIP) is an assay for interrogating protein–DNA interactions that

is increasingly being used for drug target discovery and screening applications. Currently the

complexity of the protocol and the amount of hands-on time required for this assay limits its use to

low throughput applications; furthermore, variability in antibody quality poses an additional obstacle

in scaling up ChIP for large scale screening purposes. To address these challenges, we report HTChIP,

an automated microfluidic-based platform for performing high-throughput ChIP screening

measurements of 16 different targets simultaneously, with potential for further scale-up. From

chromatin to analyzable PCR results only takes one day using HTChIP, as compared to several days

up to one week for conventional protocols. HTChIP can also be used to test multiple antibodies and

select the best performer for downstream ChIP applications, saving time and reagent costs of

unsuccessful ChIP assays as a result of poor antibody quality. We performed a series of

characterization assays to demonstrate that HTChIP can rapidly and accurately evaluate the

epigenetic states of a cell, and that it is sensitive enough to detect the changes in the epigenetic state

induced by a cytokine stimulant over a fine temporal resolution. With these results, we believe that

HTChIP can introduce large improvements in routine ChIP, antibody screening, and drug screening

efficiency, and further facilitate the use of ChIP as a valuable tool for research and discovery.

Introduction

Chromatin immunoprecipitation (ChIP) is an assay used to

study protein-DNA interactions in the cell.1 In a typical ChIP

assay, antibodies against the proteins of interest are used to

purify these proteins along with the DNA they bind to.

Subsequently this DNA can be released, identified and

quantified, giving information about where the protein binds

across the genome.2,3

Gene transcription, a critical cellular process, is directly

controlled by transcription factor protein-DNA interactions,

and also indirectly regulated by histone protein-DNA interac-

tions.4 These epigenetic control mechanisms have increasingly

been shown to play an important role in human diseases, for

example in cancer5–7 and diabetes.8,9 ChIP has been used

extensively to further our understanding of such disease

mechanisms, to elucidate genomic locations of abnormal

transcriptional activity,9 as well as to compare normal and

abnormal histone modification profiles in the cell.7,10,11 With the

decreasing cost of microarrays and high throughput sequencing

technologies, genome wide studies of protein-DNA interactions

using ChIP-chip (ChIP followed by microarray) and ChIP-Seq

(ChIP followed by high throughput sequencing) are becoming

more accessible to researchers. In addition to being used to

investigate specific cellular mechanisms in depth by basic science

researchers, ChIP is also being used in screening applications to

identify feasible epigenetic drug targets,11–13 or to evaluate the

effect of drugs on cell epigenetics by the biotech industry.14,15

Unfortunately, the conventional ChIP methodology is not

amenable to industrial scale-up and automation, due to the

amount of hands-on time, total experiment time, and the

prohibitively high quantity of sample and reagents required.

Efforts to improve ChIP methodology have largely been

successful in reducing sample and reagent requirements to

thousands of cells per assay,16–20 but have not provided any

scalable, automatable solutions. Flanagin et al. have increased

the throughput of ChIP by adapting it to a 96-well microplate

platform called Matrix-ChIP,21 but this method still requires

100 000 cells per well, which implies 10 million cells that must be

manually processed from culture for each plate of assays. It can
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thus be concluded that existing techniques, although improve-

ments on traditional ChIP, do not adequately address the need

for a scalable, low consumption ChIP technique that will enable

high throughput epigenetic drug target discovery in the industrial

setting.

Another major bottleneck preventing ChIP being more widely

used in industrial screening applications is the variability in

antibody quality: the success of a ChIP experiment is largely

determined by the specificity and sensitivity of the antibody.22,23

An antibody that has high specificity will result in a good

enrichment of the target protein over background, and a more

confident prediction of protein binding. An antibody that has

high sensitivity means that a stronger signal can be obtained in

experiments that start with fewer cells, or for a low abundance

protein. Although certain commercial vendors market lines of

antibodies as ‘‘ChIP-grade’’, the variation in antibody specificity

and sensitivity is still extremely problematic. This variation in

quality does not occur only between antibodies targeting

different epitopes; even for antibodies targeting the same

epitope, there is variation between different vendors, and even

between batches from the same vendor. This introduces

problems of replicability in experimentation, and results in a

waste of time, samples, and reagents for the researcher.

Currently, antibodies are evaluated by testing them in immuno-

histochemistry (IHC) or western blots (WB), and top performers

in these assays are labeled ‘‘ChIP-grade’’.23 However, it is well

known that antibodies that perform well in IHC or WB do not

necessarily perform well in ChIP, and the best way to test an

antibody for ChIP performance is using ChIP.22,23 Hence, a high

throughput, low consumption ChIP screening technique would

also be of great value in validation of ChIP antibodies, both in

an industry setting and for the individual researcher.

To address the two aforementioned major challenges in scaling

up epigenetic screening, we have developed a high throughput,

low consumption, automated microfluidic device for ChIP for

drug screening and antibody validation (HTChIP). Previously

we reported a high sensitivity microfluidic ChIP technique,

AutoChIP, which allows two ChIP-qPCR and two control

measurements per device run, starting from as few as 2,000 cells

for each measurement.24 Here, we describe a new microfluidic

device which increases ChIP throughput by a factor of 7-fold: 14

ChIP and two control measurements can be made from a single

biological sample simultaneously, or 6 ChIP and two control

measurements each from two biological samples simultaneously,

using only 10 000 cells’ equivalent of chromatin and , 0.5 mg of

antibody for each measurement. Each ChIP mixing chamber

can be independently addressed such that the combination of

antibodies used on each chromatin sample is completely

customizable; if desired, a set of completely different antibodies

can be used for the first chromatin sample than the second

chromatin sample. To address the specifications of high-through-

put screening ChIP applications better, HTChIP has been

designed to take fragmented chromatin prepared with conven-

tional methods, rather than to fragment the chromatin in situ. In

addition to proof-of-concept, and characterization of the pull-

down efficiency of HTChIP, we establish the utility of HTChIP in

antibody screening assays by comparing multiple antibodies’

performance in ChIP using our HTChIP platform. Moreover, we

use HTChIP to track ex-vivo nuclear protein-DNA interactions in

response to different durations of cytokine stimulation with a fine

temporal resolution, demonstrating the potential of HTChIP as a

tool for high-throughput drug screening.

Materials and methods

Device fabrication and operation

The main body of our device is made of polydimethylsiloxane

(PDMS) containing channels and valves, fabricated as detailed

previously25,26 with some modifications. The hybrid flow master

molds were fabricated out of 45 mm AZ-50XT (Mays Chemicals)

and 35 mm SU8-50 photoresists (Microchem), and the control

molds were cast from 35 mm SU8-2025 (Microchem). For the

PDMS control layer, 20 g of uncured PDMS (20 Part A:1 Part B)

was spun onto the negative mold at 1,500 rpm for 60 s. Cross-

sectional dimensions of the control channels are 35 mm6 300 mm.

For the PDMS flow layer, 40 g of uncured PDMS (5 Part A:1 Part

B) was poured onto the negative mold, degassed for 1 h and baked

for 1 h at 80 uC to cure. Cross-sectional dimensions of the

flow channels are 45 mm 6 300 mm at rounded valves and 35 mm
6 300 mm otherwise. The ring structures of the device are in

7500 mm length and 3800 mm in width (from outer edge to outer

edge). Actuation and operation of the device is also as previously

described.25 An image and labeled schematic of the device are

presented in Fig. 1 and 2.

Cell culture

HeLa cells from the ATCC and were propagated in DMEM

(Invitrogen) plus 10%fetal bovine serum, and grown to

confluency before harvesting. Murine embryonic fibroblasts

(MEF) were derived from 13.5-day-old mouse embryos using

standard protocol, and propagated in DMEM (Invitrogen) plus

15% FBS, as described previously.27

Conventional ChIP assay

The conventional ChIP protocol used on HeLa cells to validate

HTChIP is described in a previous publication.28

Fig. 1 Photograph of HTChIP device. Device is filled with different dye

colours to demonstrate independent sample loading on the left and the

right side of the device, allowing simultaneous processing of two distinct

biological samples.
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Microfluidic ChIP assay (HTChIP)

Fig. 2 shows a labeled schematic of the device where different

stages of ChIP are performed. Figure S1 illustrates the process

flow for a ChIP assay performed using HTChIP.

Cell and chromatin processing. Cells were processed as

previously described.27 Briefly, cells were treated with TNF-a
(20 ng ml21) for the indicated times. DNA was cross-linked for

10 min with 1% formaldehyde and stopped in 0.125 M glycine.

Purified chromatin was sonicated to y500 bp using the

Bioruptor (Diagenode, Inc). The final chromatin concentration

was 25 000 cells mL21 equivalent. Fragmented chromatin was

snap frozen and stored at 280C in single use aliquots (20 mL
each) to avoid repeated freeze/thaw cycles.

Immunoprecipitation and wash. Before each experiment, the

inside surface of the device is treated with 0.2% pluronic solution

(0.2% w/v cell culture grade Pluronic F127 (Sigma) in DPBS

(Dulbecco’s Phosphate Buffered Saline) (GIBCO)) for 15 min,

followed by rinsing with DPBS and air drying. The device has

dedicated inlets ‘A’ for flowing in Pluronic solution, and inlets

‘B’ for washing with DPBS. Inlets marked ‘Air’ are used to

introduce air into the device for drying (Fig. 2).

The rings are pre-loaded with antibody-functionalized beads

(Protein A Dynabeads (Invitrogen) with antibodies) between the

two valves in the black-boxed regions shown in Fig. 2, by flowing

beads through Inlets 1–16 to outlets 1–16 (Figure S1-i). Sieve

valves trap the beads to make a bead column (Figure S1-ii).

Antibodies are loaded into rings randomly, with no specific

assignment of antibody to a specific ring from experiment to

experiment. Roughly 2 mL of antibody-conjugated beads are

loaded into each ring for each ChIP assay, which corresponds to

just under 0.5 ug of antibody. 1.6 mL of chromatin is reserved as

Input reference, equivalent to four times the amount of

chromatin used in each ChIP measurement. The remaining

chromatin is introduced into all the rings by flowing it in through

inlet marked ‘In’ (Fig. 2, green-boxed). If two samples are to be

processed simultaneously with 8 measurements each sample,

then the two independent ‘In’ inlets are used to load different

chromatin samples to the two sides of the device: Rings 1–8

loaded with one sample, Rings 9–16 loaded with another (as

demonstrated in Fig. 1 by the green and blue color dyes).

Alternatively, both ‘In’ inlets can be used to load the same

sample into all of Rings 1–16 to achieve 16 measurements on a

single sample. The bifurcated channels divide the chromatin into

equal parts of 10 000 cell equivalents per ring: 0.4 mL volume

ring filled with 25 000 cells mL21 equivalent chromatin. No

outlets are opened in this step, so that the rings can be ‘‘dead-end

filled’ with chromatin; opening outlets will result in loss of

chromatin (Figure S1-iii). Dead-end filling is possible because

PDMS is gas permeable; in a matter of minutes the air in the

rings is expelled and replaced by liquid. During IP, the antibody-

beads are mixed with the chromatin for 2 h, and the device is

placed on a Peltier device set at 4 uC (Fig. S1-iv).

After IP, the beads are re-stacked in a column behind sieve

valves SV1-SV16 (Fig. S1-v), and washed for 10 min with RIPA

buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA, 0.5 mM EGTA,

1% Triton X-100, 0.1% SDS, 0.1% Na-deoxycholate, 140 mM

NaCl) introduced through inlets ‘W1’ (Fig. S1-vi). Inlets ‘W2’

and ‘W3’ were unused in this case, but could be used to flow in

other wash buffers if a multi-buffer wash system is desired. When

washing, the pneumatic pressure on the wash buffers is adjusted

to 5 psi to better control wash volume. A lower pressure also

prevents specifically bound materials from being stripped off the

antibodies under high shear forces and lost. Following the RIPA

wash, the beads were eluted into thin-walled PCR tubes with a

minimal amount of TE (10 mM Tris-HCl, 1 mM EDTA pH 8.0).

These PCR tubes were then immediately placed on a magnet and

the DPBS removed with a pipette leaving only the magnetic

beads. The DNA was then purified from the beads using

the Chelex (Bio-Rad) resin extraction method described

Fig. 2 Schematic of HTChIP. Reagent-containing flow channels are shown in blue shades, and valve-actuating control channels in red. Antibody-

bead preparations are loaded into the black-boxed regions of rings via Inlets 1–16, and then mixed with sheared chromatin. After IP, samples are

washed in columns stacked behind sieve valves SV1-16, and collected from the device. All fluids are driven by pneumatic, non-pulsatile pressure at 5 psi.
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previously.29 An ethanol precipitation was done on the input

sample by adding 250 mL of 100% ethanol (Sigma-Aldrich), 2 mL
of carrier glycoblue (Invitrogen), and 16 mL of 5 M NaCl to

the sample and precipitating at 280 uC for one hour. The

precipitated sample was then centrifuged at 20 000 g for 15 min,

and the supernatant discarded. The pellet was washed in

500 mL of freshly prepared and chilled 70% ethanol, and then

centrifuged again at 20 000 g for 10 min. Finally, the supernatant

was discarded and the pellet left to air dry. Once the pellet was

dry, the same Chelex resin extraction was applied in parallel with

the IP samples. The purified DNA was used directly in the real-

time quantitative SYBR green PCR reactions (qPCR).

Real-time qPCR

Real-time qPCR reactions were performed using Taqman probes

(IDT) or SYBRgreen ER (Invitrogen), in a Stratagene thermo-

cycler (Roche). Sequences of PCR primers used were taken from

Kawahara et al.27,28 with the permission of the authors, and are

provided in Table 1. The following thermal cycling profile was

used: Hot start 95 uC for 10 min, followed by 40 cycles of 95 uC
for 15 s, 57 uC for 30 s, 72 uC for 30 s. Primer concentrations

were 0.5 mM. In the case of SYBRgreen assays, post-run melt

curve analysis was used to confirm that all products formed were

full length and not primer dimers.

Results and discussion

HTChIP demonstrates improved IP efficiency

Presently, ChIP used in screening applications is not restricted by

the quantity of starting material; therefore, we designed the

HTChIP to be compatible with relative larger quantities of

chromatin that has been isolated and fragmented using conven-

tional means. Previously, we reported a similar microfluidic

platform, AutoChIP, which can perform ChIP measurements on

as few as 2,000 cells.24 We observed higher enrichment of target

proteins in AutoChIP than in the conventional benchtop ChIP

and proposed that this higher level of enrichment might be due

to improved antibody-target interactions facilitated by a smaller

reaction volume, leading to a higher IP efficiency. Since our

previous design uses chromatin generated in situ, we wanted to

first verify that (1) the HTChIP design still takes advantage of

the smaller reaction volume to deliver similar gains in IP

efficiency as reported in the AutoChIP design, and (2) while

using conventionally treated chromatin as input as opposed to

chromatin generated in situ.

To test these hypotheses we isolated and sheared chromatin

from a HeLa cell line, and performed ChIP using a conventional

approach as well as our HTChIP platform for a direct

comparison of IP efficiency. In both approaches, different

antibodies were conjugated to Protein A-covered magnetic

beads, but the IP was performed either in a microcentrifuge

tube for the conventional method, or in a microfluidic mixing

chamber for the HTChIP (see Figure S1 for schematic of

microfluidic ChIP experimental flow). 40 000 cells were used for

each ChIP assay. After ChIP, qPCR against four genomic loci

was used to evaluate the IP performance of each method. The

genomic loci of interest lie in the promoter region of NF-kB
target genes: IAP2, MnSOD, IL8, and NFKBIA.

Fig. 3 shows results for the IP using anti-H3K9Ac (antibody

against acetylated-lysine-9-on-histone-3), and from these results

it is evident that while preserving the patterns of relative

enrichment between different genomic loci, the IP performed

using HTChIP generated a significantly higher signal than that

performed in a conventional microcentrifuge tube (p-values ,
0.01 for all loci tested). The same outcome was observed for the

IP of anti-PanH3 (antibody against core histone H3), indicating

that the improvement in IP efficiency is a general phenomenon

and not antibody specific (Fig. S1). A slight increase in the

background signal, as determined by IP using anti-IgG (anti-

body against non-specific IgG), was also observed (Fig. S2). This

Table 1 Sequences of primers and probes to promoter regions that were
used in qPCR reactions to evaluate ChIP experiment enrichments

HeLa primers

IAP2 Forward CCA CGA GCA ATG AAG CAA ATG TC
Reverse GGG GAA CTC CAG CGG TAA TAA C
Probe TCC AGT AAA TGC CGC GAA G

MnSOD Forward AGGTCGGCTTACTTGCAAAGC
Reverse CGCCCTTCCAACCCGTAT
Probe TACGGCGCAAGAGT

NFkbia Forward GCAGCCCCCTAACCACAGT
Reverse CTGGGCGTAGGGATTTGCT
Probe TTCCCCTTAGAAGTCTG

IL8 Forward GGCCATCAGTTGCAAATCGT
Reverse CCTACTAGAGAACTTATGCACCCTCAT
Probe ATTTCCTCTGACATAATGAA

MEF Primers
NFKBIA Forward GCC ATG GAG CAA ACC CAT AG

Reverse ATT CCA TAG CGG GAG GTG TCT
NFKB2 Forward CCA TGG CAG CGA CTC TTG T

Reverse CTG CCT TCC CCC TGC AT
CDKN1A Forward TCT TCC AGT CCT TGG AGA CC

Reverse GCA CCT GGA ATC CCT AGA AA
DLL1 Forward GCG TGG CTG TCA TTA AGG

Reverse GGT GCT GTC TGC ATT ACC

Fig. 3 Bar graph comparing IP efficiency between IP performed in a

microcentrifuge tube on the benchtop, and the microfluidic environment

of HTChIP. ChIP was performed using anti-acetylated-histone-3-lysine-

9. The HTChIP signal was significantly higher than the signal from the

microcentrifuge tube based method, with a p-value , 0.01 (unpaired

Student’s T-test) for each genomic loci tested. Since the metric being

compared is raw IP efficiency, enrichment values were not normalized to

any background or control ChIP, but rather displayed as ratio to non-

normalized Input values. Error bars represent standard error over three

(3) PCR replicates.
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is consistent with previous observations made by our group and

others,24,29–31 but the magnitude of the increase in background is

much lower than the increase in signal observed in the other

ChIP assays. That is, the HTChIP method resulted in a net signal

increase over the conventional method. This confirms our

hypothesis that simply performing the IP in a microfluidic

reaction chamber results in higher IP efficiency and target

enrichment, even when using the same starting amount of

chromatin.

HTChIP accurately reflects protein-DNA binding patterns in the

cell after stimulation

Next we demonstrate that the HTChIP can accurately capture

the changes (or lack thereof) in the cell’s protein-DNA

interactions induced by drug treatment of the cell. HeLa cells

were treated with TNF-a for 1 h, and subsequently subject to

ChIP-qPCR using the same antibodies and PCR primers in order

to assess changes in histone binding induced by the stimulation.

In this model system, TNF-a treatment induces translocation of

NF-kB into the cell nucleus, where it binds to the promoters of

genes to initiate gene transcription.32 In individual cells, NF-kB
binding is highly dynamic and periodic, and for some target

genes, specific histone modification patterns are incited at the

target gene promoter to prevent repeated activation of that

gene upon prolonged stimulation with TNF-a.33 These histone

modifications regulate chromatin structure, which can control

chromatin openness and accessibility.34 For example, H3K9Ac is

a modified histone mark that is found near open chromatin in

regions of active transcription.34 Prior work in this particular cell

line determined that the presence of H3K9Ac at the four

promoter regions of interest is cyclic to prevent repeated NF-kB
activation of the associated genes.28 The period of this cycle was

found to be 1 h, therefore if we only observe the zero and 1 h

time point, we would expect to find no overall change in

H3K9Ac levels at the four promoters of interest (i.e. any changes

in H3K9Ac levels at these promoters would only be observed at

intermediate time points of TNF-a stimulation).

Indeed, a Student’s two-tailed T-Test with a significance level

of p = 0.01 found that the level of H3K9Ac binding at all the

tested genomic loci did not significantly differ between TNF-a
stimulate cells and untreated cells, when assessed using the

conventional ChIP assay (Fig. 4, Fig. S3). When we performed

the same test on the ChIP results generated using HTChIP, the

same trend was observed: No significant difference was found in

the level of H3K9Ac binding at the genomic loci of interest

(Fig. 4, Fig. S3). This result leads us to believe that the HTChIP

can reliably be used to assess and compare in vivo protein-DNA

binding events in untreated cells and cells that have been subject

to external stimuli.

‘‘ChIP-grade’’ antibody screening using HTChIP is fast and

effective

As mentioned previously, there are now many antibodies

available that are marketed as ‘‘ChIP-grade’’. However, due to

batch variation, even the same antibody clone may generate

antibody lots that produce variable ChIP results. The highly

parallel nature of HTChIP is designed to address this problem,

allowing users to simultaneously interrogate multiple antibody

lots or antibodies from different suppliers, in order to assess

and choose the best antibody for their application. To test

demonstrate the utility of our microfluidic platform in this

respect, we procured three different lots of anti-Sirt6 antibody at

random from a single supplier (Abcam), and tested them, along

with the relevant controls, on our HTChIP platform using

chromatin isolated from murine embryonic fibroblasts. MEF is a

primary cultured cell directly derived from mouse embryos that

is more difficult to obtain and to propagate in culture; unlike

HeLa cells, MEFs are not immortalized and can only be

sustained for 10–15 passages before reaching scenescence.35 We

chose MEFs as a model system because of its importance in

embryonic stem cell culture and studies,36–39 and because we

have previously studied the response of MEFs to TNF-a
stimulation in the context of Sirt6 mediated chromatin remodel-

ing.27 We generated chromatin from MEFs that were stimulated

for 30 min with TNF-a, and performed 6 different ChIP assays

on this material: anti-FLAG, anti-PanH3, anti-H3K9Ac, anti-

Sirt6 Lot 02, anti-Sirt6 Lot 14, anti-Sirt6 Lot 77. Anti-FLAG is

used as a background negative control; anti-PanH3 and anti-

H3K9Ac are used as positive control to ensure that the HTChIP

experiment is working. Lot numbers of Sirt6 antibodies represent

the last two digits of the manufacturer’s lot number for each

antibody. For each ChIP experiment, 10 000-cell equivalent of

chromatin was used, and results were assessed by qPCR of four

gene promoters: NFKB2, NFKBIA, CDKN1A, DLL1. NFKB2,

NFKBIA are canonical NF-kB target genes, and based on our

previous work, it is known that after 30 min of TNF-a treatment,

H3K9Ac will be present at these promoters to facilitate

transcription of these genes by NF-kB, and that Sirt6 will also

bind to these promoters to begin H3K9 deacetylation in order to

restrict continual activation of these genes in the event of

sustained TNF-a stimulation. After 60 min of TNF-a stimula-

tion, H3K9 is deacetylated to induce a closed chromatin

structure at these promoters, and these promoters are devoid

of both H3K9Ac and Sirt6. The CDKN1A promoter is occupied

by Sirt6 independent of TNF-a stimulation, and was selected as

a positive control. DLL1 promoter is not bound by Sirt6, and

was included as a negative control.

Fig. 5 shows the results of this ChIP antibody screening

experiment. First, note that the signal for DLL1 enrichment is

low regardless of the antibody used. This suggests that the ChIP

pull down was specific, and did not enrich for regions not bound

by Sirt6. For other promoters, these results clearly show the

amount of variability between these three lots of Sirt6 antibody

in terms of sensitivity. Lot 77 signal levels in the promoter

regions that should be enriched are comparable to that of DLL1

negative control. This result indicates that Sirt6-lot 77 did not

pull down any specific Sirt6 protein in the IP. Lots 02 and 14

both demonstrated superior sensitivity than lot 77, with signals

much higher than background, but lot 14 is clearly the superior

lot, with higher signal to background ratio than lot 02 for every

promoter region that was tested.

In order to demonstrate the versatility of HTChIP with

different cell and antibody systems, we performed a similar

antibody screening experiment, using chromatin from an

immortalized mouse lymphoma cell line (6780) that expresses

MYC. Three anti-MYC antibodies from three different sources

were tested for ChIP application using our HTChIP platform.
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Fig. 5 Bar graph of HTChIP results comparing ChIP enrichment obtained using three different batches of an anti-Sirt6 antibodies generated from the

same antibody clone. Dll1 is included as a negative control promoter; Cdkn1a is a positive control promoter. From this graph, lot #14 is the Sirt6

antibody lot with highest sensitivity and specificity. ChIP enrichment is shown here as fold enrichment over background control to highlight the

difference in specificity between antibody lots. Error bars represent standard error over three (3) technical replicates.

Fig. 4 Bar graphs showing ChIP enrichment of H3K9Ac of HeLa cells with and without TNF-a stimulation, measured at NFkB target promoters.

Left graphs show results obtained using HTChIP; right graphs show results obtained using conventional benchtop protocol. Each graph shows

H3K9Ac enrichment at the loci of interest without TNF-a stimulation on the left, and with 1 h of TNF-a treatment on the right. For benchtop ChIP,

there is no significant difference between H3K9Ac levels at these gene promoters in untreated and treated cells; data from HTChIP leads to the same

conclusion (Bonferroni corrected unpaired Student’s T-test at a = 0.01). Both sets of results concur with those previously reported in literature. In each

ChIP, enrichments were normalized to PanH3 levels for comparability, and non-specific anti-IgG was used as background control. Error bars represent

standard error over three (3) PCR replicates for both HTChIP and benchtop ChIP experiments.
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The ODC1 promoter was the genomic loci of interest as it is a

known site for MYC binding. The ODC1 E-box region contains

a transcription factor binding motif and serves as the MYC

binding site where enrichment for MYC should be high. A

control region 1 kbp upstream of the E-box motif, ODC1

upstream, was used as the negative control region where MYC

enrichment should be low. Once again, results in Fig. 6 reveals

the high degree of variation between antibodies, this time

procured from different sources. The anti-MYC from Epitomics

gave the greatest amount of signal, and is therefore the most

sensitive antibody, however it is lacking specificity, as it appears

to have enriched the non-specific upstream region as well. The

Abcam anti-MYC was the worst performer, giving almost no

signal at all. The Santa Cruz antibody was intermediate, with a

much lower E-box enrichment than Epitomics, but also a much

lower upstream non-specific enrichment, thus it has the highest

signal to background ratio. Depending on the purpose of the

ChIP assay that will be performed, one may either prefer the

Epitomics anti-MYC for its sensitivity (for example when

interrogating endogenous MYC, which occurs at relatively low

levels), or choose the Santa Cruz anti-MYC for its specificity (for

example when the sample is over-expressing MYC, and false

positives are undesirable).

The experiments described above highlight the advantages of

using HTChIP for antibody screening applications: since only

10 000 cells were used for each ChIP, very little cell sample is

consumed when using HTChIP for antibody screening. In

addition, , 0.5 mg of antibody was used for each ChIP. For

low throughput research studies, this means that most of the

valuable sample and now ChIP-validated antibody can be

reserved for meaningful high quality ChIP experiments, instead

of being wasted on failed ChIP experiments due to poor

antibody quality. For high throughput industrial screening

applications, this means that the same biological sample can be

used to screen more antibodies, and the same antibody batch

used to screen more drugs, rather than having to compare results

generated from different antibody batches or pooled biological

samples that may have introduce heterogeneity, and lead to

confounding results.

Tracking dynamic transcription factor and chromatin remodeling

with HTChIP

After identifying a Sirt6 antibody with good sensitivity and

specificity, we used HTChIP to track the interaction of Sirt6 and

H3K9Ac at canonical NF-kB target promoters over a high-

resolution time course (Fig. 7-data for untreated cells was

previously published27). Our results confirm previous findings

that Sirt6 binds quickly to NF-kB target promoters after

stimulation with TNF-a, and subsequently leads to H3K9

deacetylation and thus transcriptional repression at that site.27

Both NF-kB target promoters show no occupancy by Sirt6 or

H3K9Ac prior to TNF-a stimulation. After 30 min of TNF-a
treatment, H3K9 is acetylated to allow an open chromatin

structure and gene transcription by NF-kB at these promoters, as

indicated by high levels of enrichment for H3K9Ac. At the same

time, Sirt6 is found poised at these promoters. After 60 min of

treatment, Sirt6 localization to these promoters has led to H3K9

deacetylation and transcriptional repression, and because H3K9 is

no longer acetylated, Sirt6 also no longer occupies these promoter

regions, and we observe enrichment for both Sirt6 and H3K9Ac

at a level that is similar to that of untreated MEFs. We

simultaneously interrogated two other histone marks, H3K9m2

(histone-3-lysine-9-dimethylated) and H3K9m3 (histone-3-lysine-

9-trimethylated). H3K9m2 is a mark of transcriptional repression,

and H3K9m3 is a mark of constitutive heterochromatin.34

Interestingly, in our data H3K9m2 binding trends over time also

confirms the pattern of periodic transcriptional activation that

was observed with H3K9Ac and Sirt6. Untreated cells and cells

stimulated for 60 min show a higher level of H3K9m2 binding at

NF-kB target promoters, confirming that these regions are in

Fig. 6 Bar graph of HTChIP results comparing ChIP enrichment obtained using three different anti-MYC antibodies from different vendors. Odc1

Upstream is the negative control region; Odc1 E-box is the positive control Odc1 promoter. From this graph, sc-764 has the best signal to noise, but

Epitomics 1472-1 has higher sensitivity and higher signal. Note that anti-FLAG was used as the non-specific background control. Since enrichment for

FLAG is zero (no PCR C(t) value), it is mathematically not possible to calculate the fold enrichment over background. Therefore here ChIP enrichment

is shown as a ratio over Input without any normalization. Error bars represent standard error over three (3) technical replicates.
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heterochromatin form and transcription is repressed. Whereas at

30 min of stimulation, H3K9m2 levels decrease while H3K9Ac

levels increase, again validating our finding that these promoter

regions are transcriptionally active at this time. To the best of our

knowledge, these findings on the modulation of H2K9m2 in the

context of SIRT6 and NF-kB activity were previously unreported

in the literature. H3K9m3 levels at these promoters are low,

independent of TNF-a stimulation, indicating that these regions

are not constitutively silenced; instead transcription at these sites

is active but dynamically regulated by protein-DNA interactions.

Importantly, this set of tracking assays used only one biological

sample for each time point, and there was no need to pool any

samples, even though 6 ChIP assays were performed for each time

point. A conventional bench-top ChIP protocol would have

needed 500 000 cells for each ChIP, requiring a total of 3.5 million

cells for each time point, whereas the HTChIP can perform several

replicate assays at each time point using the same number of cells.

Particularly for cells that are difficult to obtain or culture, this is

an advantage that saves time and resources.

Conclusions

We have presented a high throughput, low consumption,

automated microfluidic device for ChIP for drug screening and

antibody validation, HTChIP. This device has a 7-fold through-

put improvement over our previously reported microfluidic ChIP

device, and the design can be easily scaled up to accommodate

even more assays in parallel. To make the device fully

automatable, and to take advantage of existing front-end research

infrastructure and practices, HTChIP has been designed to take as

input fragmented chromatin that was prepared in bulk using

conventional methods, as opposed to fixed whole cells. We believe

that with these design considerations, the HTChIP platform will

be an effective and efficient tool for researchers in both industry

and academic settings, particularly in antibody screening, drug

screening, and epigenetic characterization studies.

In this report, we have detailed the design, fabrication and

method of use for the HTChIP platform, which are amenable to

both scaled commercialization and individual use. Proof-of-

concept experimental data were presented to demonstrate

significantly superior IP efficiency using HTChIP as compared

to conventional benchtop methods, and despite slight increases

in background, using HTChIP produces a net increase in ChIP

signal. Next we show that HTChIP is able to faithfully reproduce

results of an epigenetic study. In testing whether a specific

histone-DNA binding increased in certain genomic regions upon

inflammatory stimulation of the cell, data generated using

HTChIP leads to the same conclusion as data generated using

conventional ChIP protocols. The conclusion that there is no

change in specific histone-DNA binding levels at the loci of

interest is substantiated by the literature.28 This microfluidic

ChIP platform was also tested for antibody screening capability

by performing ChIP with a large number of antibodies in parallel

and evaluating antibody specificity by qPCR, and was able to

distinguish good ChIP antibodies from poor ones. Finally, we

demonstrate the use of HTChIP in tracking TNF-a induced

transcription factor binding events in MEF cells. We successfully

measured the effect of the transcription factor Sirt6 binding on

the levels of H3K9Ac binding at specific genomic loci with a fine

temporal resolution. The results of this study were in con-

cordance with previous findings about the regulatory mechanism

of Sirt6,27 again showing the robustness of HTChIP in producing

reliable ChIP data.

Overall, this data from a series of characterization assays

confirm that this HTChIP platform can rapidly and accurately

evaluate the epigenetic states of a cell. It is sensitive enough to

detect the changes in the epigenetic state induced by a cytokine

stimulant over a fine temporal resolution, and allows tracing of

many protein simultaneously, generating a holistic picture of

dynamic intracellular protein-DNA interaction. With these

results, we believe that HTChIP can introduce large improve-

ments in routine ChIP, antibody screening, and drug screening

efficiency, and given its ease of manufacturing, scalability, and

automation it will be a valuable tool in the biotechnology

research space.
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Therapeutics, Targets, and Chemical Biology

MYCPhosphorylation, Activation, and Tumorigenic Potential
in Hepatocellular Carcinoma Are Regulated by HMG-CoA
Reductase

Zhongwei Cao1, Hua Fan-Minogue2, David I. Bellovin1, Aleksey Yevtodiyenko1, Julia Arzeno1,
Qiwei Yang1, Sanjiv Sam Gambhir2, and Dean W. Felsher1

Abstract
MYC is a potential target for many cancers but is not amenable to existing pharmacologic approaches.

Inhibition of 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMG-CoA reductase) by statins has shown
potential efficacy against a number of cancers. Here, we show that inhibition of HMG-CoA reductase by
atorvastatin (AT) blocks both MYC phosphorylation and activation, suppressing tumor initiation and growth
in vivo in a transgenic model of MYC-induced hepatocellular carcinoma (HCC) as well as in human HCC-derived
cell lines. To confirm specificity, we show that the antitumor effects of AT are blocked by cotreatment with the
HMG-CoA reductase product mevalonate. Moreover, by using a novel molecular imaging sensor, we confirm
that inhibition of HMG-CoA reductase blocks MYC phosphorylation in vivo. Importantly, the introduction of
phosphorylation mutants of MYC at Ser62 or Thr58 into tumors blocks their sensitivity to inhibition of HMG-
CoA reductase. Finally, we show that inhibition of HMG-CoA reductase suppresses MYC phosphorylation
through Rac GTPase. Therefore, HMG-CoA reductase is a critical regulator of MYC phosphorylation, activation,
and tumorigenic properties. The inhibition of HMG-CoA reductase may be a useful target for the treatment of
MYC-associated HCC as well as other tumors. Cancer Res; 71(6); 2286–97. �2011 AACR.

Introduction

Hepatocellular carcinoma (HCC) is one of the most com-
mon and generally incurable malignancies with an estimated
9% 5-year survival rate (1). Hepatocellular carcinogenesis is
strongly associated with hepatitis B and C virus (HBV and
HCV) infection and other pathologic conditions resulting in
liver regeneration (2), which, in turn, facilitates the activation
of specific oncogenes, most notably MYC (c-MYC; 3). Thus,
targeted inactivation of MYC may be an effective therapy for
HCC (4–6). Indeed, we have reported recently that the con-
ditional inactivation of MYC can be sufficient to induce
sustained regression of HCC (7). However, there is no existing
therapy that targets MYC for the treatment of any cancer.

The MYC protooncogene family is composed of c-MYC,
N-MYC, and L-MYC and has been shown to impact almost
every aspect of tumorigenesis, including promoting unrest-
ricted cell proliferation, inhibiting cell differentiation, redu-
cing cell adhesion, and enhancing metastasis, genomic
instability, and angiogenesis (8, 9). MYC functions as an
oncogene upon overexpression, either due to increased
expression of the myc gene or due to increased stability
of the MYC protein. MYC protein stability is regulated as
follows (10): through the ubiquitin/26S proteasome
pathway and the sequential phosphorylation of MYC at
serine 62 (S62) and threonine 58 (T58). The phosphorylation
of S62 is mediated by the MAPK/ERK (mitogen activated
protein kinase/extracellular signal regulated kinase)
pathway and contributes to the stabilization of MYC.
Subsequent phosphorylation of T58, mediated by GSK3b,
promotes ubiquitin-dependent MYC degradation once
S62 is dephosphorylated (11–13). Mutations in these phos-
phorylation sites that stabilize MYC protein have been
identified in human cancers, thereby highlighting the
importance of S62 and T58 phosphorylation as regulators
of MYC in tumorigenesis (14, 15). Hence, targeting MYC
phosphorylation could be useful as an anticancer therapy.

The enzyme 3-hydroxy-3-methylglutaryl-coenzyme A reduc-
tase (HMG-CoA reductase) controls the rate-limiting step in
the mevalonate (MV) pathway that is essential for cholesterol
biosynthesis (16). Statins were initially utilized to inhibit HMG-
CoA reductase as a means to reduce the serum cholesterol
level (16). However,many studies have shown that inhibition of
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HMG-CoA reductase also has antitumor efficacy both in vitro
and in vivo in multiple tumor types (17–20), including color-
ectal cancer (21, 22), breast cancer (23), melanoma (24), and
lymphoma (25). Statins have been suggested to block tumor
cell growth through the inhibition of proliferation and angio-
genesis, induction of apoptosis, and repression of tumor
metastasis (26).
Statins may mediate their anticancer properties through

inhibition of the synthesis of lipid isoprenoid intermediates,
including farnesyl pyrophosphate (FPP) and geranylgeranyl
pyrophosphate (GGPP), which are produced downstream of
the MV pathway (19). Generally, FPP activates the Ras
GTPase family whereas GGPP activates the Rho/Rac family
by prenylating and anchoring them on the cell membrane
(27). Both Ras (12, 27) and Rho/Rac family members (28) are
required to phosphorylate MYC. Hence, we speculated that
by inhibiting these pathways, statins might therefore block
MYC activation.
Here we show that the inhibition of HMG-CoA reductase by

atorvastatin (AT) inhibits MYC phosphorylation and activa-
tion and thereby blocks MYC-induced HCC onset and tumor
maintenance. Moreover, by using a novel molecular imaging
sensor that noninvasively detects MYC phosphorylation, we
found, both in vitro in human HCC cells and in vivo in mice,
that AT inhibits MYC phosphorylation. Furthermore, the
introduction of mutantMYC alleles that cannot be phosphory-
lated on S62 or T58 prevented AT from inhibiting the in vivo
tumor growth of HCC. Finally, we provide evidence suggesting
that AT may mediate these effects on MYC phosphorylation
and activation by inhibiting Rac GTPase. Therefore, HMG-CoA
reductase seems to be a critical regulator of MYC activation
and may have potent activity against MYC-induced cancers.

Materials and Methods

Antibodies
The antibody to Ki67 was obtained from BD Biosciences; c-

MYC, Cdk4, E2F1, and Rac1 antibodies were obtained from
Santa Cruz Biotechnology; phospho-c-MYC was obtained
from Cell Signaling Technology; antibodies to Tubulin and
HA were from Sigma-Aldrich. Horseradish peroxidase–con-
jugated sheep anti-mouse IgG and sheep anti-rabbit IgG were
obtained fromGE Healthcare and biotinylated anti-mouse IgG
was from BD Biosciences.

Cell lines
The Huh7 and HepG2 cell lines were obtained from the

American Type Culture Collection originally characterized by
DNA profile and cytogenetic analysis and were passaged for
less than 6 months in vitro.

Transgenic mice
The Tet System was used previously to generate transgenic

mice that conditionally express human c-MYC cDNA in
hepatocytes, as described (7). MYC expression was induced
by removing doxycycline (Dox, 100 mg/mL) from the drinking
water of mice. All animals were maintained and treated in
accordance with the policies of Stanford University.

AT treatment
AT (prescription formulation; Pfizer Inc.) was resus-

pended in PBS. It was administered orally in 100 mg/kg
doses with or without 20 mg/kg MV 3 times a week, using 20-
mm feeding needles (Popper and Sons). PBS was adminis-
tered as a negative control. Purified AT (Sequoia Research
Products) resuspended in 100% DMSO was used for in vitro
studies.

Histology and immunohistochemistry
Tissues were fixed in 10% buffered formalin and embedded

in paraffin. Sections of 5 mm were stained with hematoxylin-
eosin (H&E) or analyzed by immunohistochemistry using the
antibody to Ki67. DAB (3,30-diaminobenzidine; Vector Labora-
tories) was used to achieve color development.

Proliferation assay
Cells were seeded in 24-well plates (5,000 cells/well) and

incubated overnight. Next, cells were treated with PBS, AT (0.5,
1.0, 2.5, 5.0, 10, or 25 mmol/L), 10 or 25 mmol/L AT and 100
mmol/L MV, 10 or 25 mmol/L AT and 10 mmol/L FPP, or 10 or
25 mmol/L AT and 10 mmol/L GGPP for 96 hours. Cell
proliferation was evaluated using the MTT assay. Data were
from 6 replicated experiments.

Quantitative real-time PCR
HCC cells were treated with PBS, 20 ng/mL Dox, 10 mmol/L

AT, or 10 mmol/L AT and 100 mmol/L MV for 24 hours. Total
mRNA from HCC cells was extracted and purified using the
RNeasy Mini Kit from Qiagen and quantified by spectrophot-
ometer (Beckman Coulter). cDNA was reverse-transcribed
from 2 mg of total mRNA using oligo-d(T) primers. Real-time
PCR analysis was done in an ABI PRIZM analyzer (Applied
Biosystems).

Cell membrane fractionation and protein isolation
Cells (2� 108) were washed 3 times with PBS and extracted

in lysis buffer (50 mmol/L Tris, 50 mmol/L NaCl, 2 mmol/L
EDTA, 1 mmol/L MgCl2, 10 mmol/L NaF, 1 mmol/L DTT, pH
7.4). Lysates were centrifuged at 36,000 rpm for 40 minutes,
using Beckman L8-70M ultracentrifuge. The membrane pellet
was solubilized in immunoprecipitation buffer (0.15 mol/L
NaCl, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate,
10 mmol/L Tris-HCl, pH 7.4) and incubated at 4�C for 30
minutes. The solution was centrifuged at 15,000 rpm for 10
minutes, and the supernatant was collected as the membrane
protein fraction.

Viral infection
Ad-c-MYCWT, Ad-c-MYCS62A, and Ad-c-MYCT58A viruses

were kindly provided as a gift from Dr. Rosalie C. Sears
(Oregon Health & Science University, Portland, OR). Briefly,
Ad-c-MYCWT, Ad-c-MYCS62A, and Ad-c-MYCT58A adenovirus
were cloned by inserting c-MYCWT (Ad-c-MYCWT),
c-MYCS62A (Ad-c-MYCS62A), and c-MYCT58A (Ad-c-MYCT58A)
cDNA into the pADEasy-1 backbone (Stratagene). Trans-
planted tumor cells were infected as previously described
(29). Briefly, SCID mice were injected with hepatocellular
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carcinoma cells isolated from LAP-tTA/TRE-MYC transgenic
mice. Tumormasses were injected at 3 sites with Ad-c-MYCWT

or Ad-c-MYCT58A once every week. Successful infection was
confirmed by green fluorescent protein (GFP) coexpression in
tumors (Supplementary Information, Fig. S9). Mice were
treated with 100 mg/mL Dox to inactivate transgenic MYC
expression. Tumor growth was measured using calipers 3
times a week for 3 weeks after viral injection.

Immunoprecipitation and immunoblotting
Cells were lysed in immunoprecipitation buffer (0.15 mol/L

NaCl, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate,
10 mmol/L Tris-HCl, pH 7.4) and cleared lysates were immu-
noprecipitated with 2 mg HA antibody. The precipitated
proteins were resolved by SDS-PAGE, transferred to nitrocel-
lulose, and blotted with the antibodies indicated in the figures.
Total MYC and phospho-MYC level were detected by immu-
noblotting, and their optical density (OD) was measured and
normalized to actin band OD. The MYC phosphorylation level
was determined by the ratio between phospho-MYC and total
MYC.

Molecular imaging of MYC phosphorylation
A bioluminescent sensor system that can noninvasively

detect c-MYC phosphorylation was utilized to detect the AT
inhibitory effect in intact cells and living mice. The sensor
system utilizes the fact that S62 phosphorylation of MYC is
required for its interaction with GSK3b and detects the protein
interaction between GSK3b and MYC to indirectly report the
MYC phosphorylation, using a split Firefly luciferase (FL)
complementation system (30). Specific GSK3b and MYC
fragments are fused with the inactive C-terminal and N-term-
inal fragment of the split FL, respectively (GSK35-433-CFL/
NFL-c-Myc). Phosphorylation-induced interaction between
GSK3b and MYC brings the 2 split fragments into close
proximity and recovery of the luciferase activity.

The sensor system has been validated both in intact cells
and in mouse xenograft model, which is described in an
independent article (31). For in vitro imaging, the sensor
plasmids were transiently transfected into HuH7 and
HepG2 cells, using Superfect (Qiagen) and Lipofectamine
2000 (Invitrogen) reagent, respectively. Renilla luciferase
(RL) gene was cotransfected for the control of the transfec-
tion efficiency. Twenty-four hours after transfection, cells
were treated with AT with different concentration as indi-
cated for 18 hours. Bioluminescent imaging (BLI) was
conducted in IVIS 50 (Caliper Life Science) after adding
45 mg/mL D-Luciferin (Promega) to the cells. Cells were
lysed for RL assay (Promega) and Western blotting analysis
after imaging. For in vivo liver tumor imaging, we used
a hydrodynamic injection method as previously described
(32). Briefly, 2 mL of saline solution containing 25 mg of
the MYC sensor plasmid with CMV promoter was injected
into the tail vein within 8 seconds. Mice were imaged
in IVIS 200, 22 hours after injection, based on time
course of the sensor expression as determined in
control experiments (Supplementary Information, Figs. S6
and S7).

Results

Inhibition of HMG-CoA reductase by AT suppresses
MYC-induced HCC

The effects of inhibition of HMG-CoA reductase were
examined on HCC growth in vitro and in vivo by administering
AT to multiple HCC tumor cell lines derived from the LAP-
tTA/TRE-MYC transgenic mice, a previously described con-
ditional transgenic model of MYC-induced HCC, using the
Tet-system (7), in addition to human HCC cell lines. The
murine cell lines were all generated from HCC isolated from
dual transgenic animals. These cell lines are dependent upon
high levels of human MYC expression, which can be inacti-
vated upon treatment with Dox. Hence, in these transgenic
tumor-derived cell lines, as a positive control for MYC inacti-
vation, we used Dox to induce the suppression of transgenic
MYC. Doses of AT used for our experiments were comparable
with previously published studies (33, 34). Moreover, as con-
trol for nonspecific effects of statins, we confirmed that effects
were reversed with cotreatment with the enzyme product of
HMG-CoA reductase MV. Note that because of marked differ-
ences in the pharmacokinetics between mouse and human,
AT doses in mice are approximately 50-fold higher than the
pharmacologically equivalent dose in humans (35, 36).

First, AT inhibited the in vitro proliferation of the MYC-
induced murine cell line HCC 3-4 as measured by the MTT
assay (Fig. 1A and Supplementary Information, Fig. S2A; 75%
decrease at 10 mmol/L and 92% decrease at 25 mmol/L AT at 96
hours of AT treatment, P < 0.0001 each). Also, AT decreased
the number of cells in S and G2/M phases from 38% to 26%, as
assessed by propidium iodide (PI) staining (Fig. 1B, P ¼ 0.01),
and reduced Ki67 immunofluorescence from 81.4% to 31.2%
following 48 hours of 10 mmol/L AT treatment (Fig. 1C, P <
0.0001). Importantly, the effects of AT on proliferation and
cell-cycle arrest were rescued by cotreatment with MV, the
immediate downstream target of HMG-CoA reductase
(Fig. 1A–C), confirming these effects are specific to inhibition
of the cholesterol biosynthesis pathway. Moreover, AT was
found to similarly inhibit proliferation and induce cell-cycle
arrest and apoptosis in 2 independently derived murine HCC
cell lines, EC4 and HCC 4-4, in a dose-dependent manner
(Supplementary Information, Figs. S1–S3). Thus, AT inhibits
proliferation and induces apoptosis of murine HCC tumor
cells in vitro.

Second, AT inhibited the growth of the murine HCC 3-4 cell
line transplanted into syngeneic mice by up to 80% compared
with treatment by PBS or AT and MV (Fig. 1D and E, P ¼
0.0003). Note, that FVB/N mice treated with 100 mg/kg AT did
not exhibit any general toxicity and, in particular, had normal
liver histology and serum bilirubin levels, showing that the
clinical effects are not secondary nonspecific hepatotoxicity
(Supplementary Information, Fig. S4). Therefore, inhibition of
HMG-CoA reductase by AT has potent in vivo antitumor
activity against murine MYC-induced HCC.

Third, we interrogated the ability of AT to suppress growth
in Huh7 cells, a human HCC cell line. AT blocked the in vitro
growth of Huh7 cells over a 96-hour time course (Fig. 2A and
Supplementary Information, Fig. S2B; 69% decrease at 10
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mmol/L and 86% decrease at 25 mmol/L AT, P < 0.0001 each)
while inhibiting cell-cycle progression (Fig. 2B; 75% reduction
in S phase, P ¼ 0.003) and reducing Ki67 positivity (Fig. 2C;
58% reduction, P < 0.0001) following 48 hours of 10 mmol/L AT
treatment. Moreover, AT suppressed the in vivo growth of
Huh7 cells (Fig. 2D; PBS vs. AT, P¼ 0.03; AT vs. ATþMV, P¼
0.04; PBS vs. ATþMV, P¼ 0.8). Cotreatment with MV blocked
the effects of statin treatment, confirming that the inhibition
of human HCC by AT is specific to the suppression of HMG-
CoA reductase (Fig. 2A–D).

Finally, we evaluated the ability of HMG-CoA reductase
inhibition to block the initiation of MYC-induced HCC growth
in vivo in the LAP-tTA/TRE-MYC transgenic mice treated with
PBS, AT, or AT with MV (Fig. 3A, left). Treatment with 100 mg/
kg AT versus PBS significantly delayed tumor onset and
increased survival (Fig. 3A; median survival increased from
80 to 147 days, P < 0.005). Importantly, MV treatment pre-
vented AT from inhibiting tumorigenesis (Fig. 3A). Gross
pathology revealed that AT markedly reduced the size and
frequency of tumor nodules (Fig. 3B, left). H&E staining

Figure 1. Inhibition of HMG-CoA
reductase by AT suppresses
growth of MYC-induced HCC in
vitro and in vivo. A, AT inhibits the
proliferation of a MYC-induced
tumor-derived cell line, HCC 3-4.
MTT assay was conducted every
24 hours for 4 days on HCC cells
treated with 10 mmol/L AT, AT plus
100 mmol/L MV, or DMSO as a
vehicle control. Cells were also
treated with Dox to inactivate
transgenic MYC as a positive
control. All experiments were
repeated 3 times (P < 0.0001).
Error bars, SD. B, AT induces cell-
cycle arrest in murine HCC as
assessed by fluorescence-
activated cell-sorting analysis of
PI-stained cells (P ¼ 0.01). Cells
were treated with 10 mmol/L AT,
AT plus MV, DMSO, or Dox for 48
hours. C, immunofluorescence for
Ki67 on HCC cells treated with 10
mmol/L AT for 48 hours shows that
statin treatment inhibits HCC
proliferation (P < 0.0001). D, AT
inhibits growth of MYC-induced
HCC cells in vivo. Murine HCC
cells were subcutaneously
transplanted into FVB/N mice
treated with PBS (n ¼ 5) or AT
(n¼ 5). P¼ 0.0003. Error bars, SD.
E, representative images of mice
treated with PBS (left), AT (middle),
or AT plus MV (right) show that AT
suppresses growth of MYC-
induced HCC in vivo.
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revealed histologically normal liver tissue in AT-treated mice,
suggesting a robust inhibition of disease onset (Fig. 3B, mid-
dle). AT-treated animals also exhibited evidence of inhibited
cell proliferation, as indicated by reduced Ki67 staining com-
pared with PBS-treated mice (Fig. 3B, right; 8� 3 positive cells
vs. 422� 23 positive cells per field, P < 0.02). Hence, inhibition
of HMG-CoA reductase by AT is potent at inhibiting MYC-
induced liver tumorigenesis.

Inhibition of HMG-CoA reductase suppresses MYC
phosphorylation, stability, and transactivation

MYC activation has been shown to be regulated by phos-
phorylation (12). Thus, we considered that AT might exert its
antineoplastic effects by inhibiting MYC phosphorylation.
Indeed, AT, but not AT with MV, was found to induce a
dose-dependent downregulation of MYC phosphorylation in
vitro upon 24 hours treatment (Fig. 4A; 29% reduction at 0.5
mmol/L, 34% at 1.0 mmol/L, 79% at 2.5 mmol/L, 83% at 5.0
mmol/L, 94% at 10 mmol/L, and 97% at 25 mmol/L AT; P ¼
0.004) as well as in vivo (Fig. 4B; 93% reduction). Moreover, AT
blocked MYC phosphorylation in MYC-induced murine lym-
phoma, osteosarcoma, and lung cancer, as well as in human
breast cancer cell lines (data not shown). In turn, the depho-
sphorylation was associated with a reduction in MYC protein
levels in vitro (Fig. 4A; 17% reduction at 0.5 mmo/L, 40% at 1.0
mmol/L, 9% at 2.5 mmol/L, 41% at 5.0 mmol/L, 69% at 10 mmol/
L, and 91% at 25 mmol/L AT, P ¼ 0.002) and in vivo (Fig. 4B;
57% reduction, P ¼ 0.04). Importantly, the inhibition of MYC
phosphorylation by AT not only reduced MYC levels but also

seemed to dramatically inhibit MYC transcriptional activa-
tion, as illustrated by the reduced mRNA expression of cano-
nical target genes ODC and nucleolin, both in murine (Fig. 4C;
72% reduction for ODC, P¼ 0.003; 76% reduction for nucleolin,
P ¼ 0.03) and in human HCC upon 24 hours of 10 mmol/L AT
treatment (Fig. 4D; 64% reduction for ODC, P ¼ 0.016; 59%
reduction for nucleolin, P¼ 0.008; Supplementary Information,
Fig. S8B). Thus, the inhibition of HMG-CoA reductase blocks
MYC phosphorylation, reduces MYC protein levels, and inhi-
bits MYC transactivation.

Noninvasive molecular imaging to measure in vivo MYC
phosphorylation

To evaluate the effects of inhibition of HMG-CoA reduc-
tase on MYC phosphorylation in situ in a living host, we
utilized a novel molecular imaging sensor system (31). The
sensor system consists of 2 parts: (i) a peptide corresponding
to the phosphoregulated domain of MYC fused to the N-
terminal domain of FL and (ii) the C-terminal domain of FL
fused to a peptide fragment of GSK3b that recognizes
phospho-MYC (Fig. 5A). When coexpressed in an intact cell,
MYC phosphorylation can be detected via interaction
between the MYC and GSK3b peptides, thereby localizing
the N- and C-termini of FL in close proximity, conferring
luciferase activity. RL is cotransfected as a control for
transfection efficiency. The full-length FL was also trans-
fected independently into these cells as a control for the
direct effect of AT on luciferase activity. We confirmed that
this imaging method could detect the dose-dependent

Figure 2.Blocking HMG-CoA reductase via AT inhibits growth of humanHCC cells in vitro and in vivo. A, MTT analysis of the humanHCC cell line Huh7 treated
with 10 mmol/L AT shows significant inhibition of growth in vitro (P < 0.0001). Error bars, SD. B, fluorescence-activated cell-sorting analysis of PI-stained Huh7
cells reveals that AT suppresses cell-cycle progression (P¼ 0.0003). Cells were treated with 10 mmol/L AT for 48 hours. C, Huh7 cells treated with 10 mmol/L AT
for 48 hours were examined by immunofluorescence for Ki67, showing statin-induced reduction in proliferative cells (P < 0.0001). D, Huh7 cells were
transplanted intraperitoneally into SCIDmice, and host animals were treated with PBS, AT, or ATwithMV. A Kaplan–Meier curve shows a significant increase in
survival of animals treated with AT (PBS vs. AT, P ¼ 0.03; AT vs. AT þ MV, P ¼ 0.04; PBS vs. AT þ MV, P ¼ 0.8).
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reduction of MYC phosphorylation in human Huh7 and
HepG2 cells upon 18 hours of AT treatment (Fig. 6B and
C and Supplementary Information, Fig. S5, P < 0.0001).
Next, this imaging sensor was used to monitor MYC phos-

phorylation in vivo. The sensor system was introduced in liver
cells of LAP-tTA/TRE-MYC mice by hydrodynamic injection.
Two groups of transgenic mice (n ¼ 3 each) had MYC

activated at the same time and were treated with either AT
or PBS. The MYC sensor was imaged at days 0 and 15
posttreatment. The PBS-treated group showed no significant
change of the sensor signal, whereas the AT-treated group
showed 72% reduction of the sensor signal at day 15 of
treatment (Fig. 5D and E; AT-treated mice day 0 vs. day 15,
P ¼ 0.038; PBS-treated day 0 vs. day 15, P ¼ 0.638). Notably,

Figure 3. AT inhibition of HMG-
CoA reductase suppresses MYC-
induced hepatocellular
tumorigenesis. A, Kaplan–Meier
survival curves of adult LAP-tTA/
TRE-MYC mice treated with PBS
(n¼ 8), 100mg/kg AT (n¼ 5), or AT
with MV (n ¼ 5) 3 times per week
show a significant increase in
survival of animals treated with AT
(PBS vs. AT, P¼ 0.005; AT vs. AT/
MV, P ¼ 0.016; PBS vs. AT/MV, P
¼ 0.25). B, representative
photographs from each treatment
group are shown. Gross anatomy
reveals inhibition of tumor onset
due to AT treatment. H&E staining
shows that normal hepatic
structure is maintained by AT
treatment (middle), which was
reversed by MV treatment
(bottom). Immunohistochemistry
for Ki67 shows a significant
inhibition of proliferation due to AT
(right, 8 � 3 positive cells vs. 422
� 23 positive cells per hpf;
P < 0.02).
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AT-mediated inhibition of MYC phosphorylation in vivo was
associated with a 44% and 56% downregulation in the expres-
sion of downstream target genes, E2F1 and Cdk4 (Supple-
mentary Information, Fig. S8A), further showing the inhibition
of MYC activity. Hence, a novel imaging sensor was used to
show that the inhibition of HMG-CoA reductase by AT inhibits
MYC phosphorylation in vivo.

MYC phosphomutants confer resistance to the
inhibition of HMG-CoA reductase

To examine whether inhibition of MYC phosphorylation
mediates the anticancer effect of AT, we introduced phos-
phomutants of MYC into HCC tumor cell lines. First, recom-
binant adenovirus was used to express MYC that is mutated
with either an alanine substitution at either S62 or T58
(Ad-MYCS62A and Ad-MYCT58A) and hence cannot be regu-
lated by phosphorylation at these sites (37). AT treatment at
10 mmol/L for 24 hours dramatically suppressed WT MYC but
failed to significantly inhibit protein levels of either S62A MYC
or T58A MYC (Fig. 6A; MYCS62A vs. MYCS62A þ AT, P ¼ 0.09;
MYCT58A vs. MYCT58AþAT, P¼ 0.06). Thus, we concluded that

phosphoregulation through either S62 or T58 is necessary for
AT to suppress MYC expression.

Using an antibody specific for phospho-S62 and -T58, we
show that AT inhibits phosphorylation in T58AMYC similar to
wild-type MYC (Fig. 6A, 62% reduction for MYCWT, P ¼ 0.01;
68% reduction for MYCT58A, P ¼ 0.008). These data show that
the reduction of phospho-MYC by AT seems to occur by
preventing S62 phosphorylation. However, the reduction of
total MYC protein cannot occur without T58 phosphorylation.
In addition, HCC cells expressing the S62A MYC mutant were
less sensitive whereas cells expressing T58A MYC were com-
pletely insensitive to the inhibition of proliferation upon AT
treatment (Fig. 6B, 26% reduction for WT, P < 0.001; 17%
reduction for S62, P < 0.0001; no reduction for T58, P ¼ 0.8).
Thus, inhibition of HMG-CoA reductase suppresses MYC
activation in a phosphorylation-dependent manner.

Next, we investigated whether the MYC phosphomutants
could suppress the ability of the inhibition of HMG-CoA
reductase to block HCC tumor growth in vivo. Syngeneic hosts
were transplantedwithMYC-inducedHCC cells that were then
injected with Ad-MYCWT, Ad-MYCS62A, or Ad-MYCT58A. Tumor

Figure 4. Inhibition of HMG-CoA reductase blocks MYC activity by reducing its phosphorylation. A, murine HCC cells were treated with indicated
concentrations of ATwith or withoutMV for 24 hours. MYC phosphorylation and expression are suppressed by AT treatment in a dose-dependentmanner (P¼
0.002). Values are normalized to the DMSO control. Representative immunoblots are shown. B, primary liver tissue of transgenic animals shows an AT-
dependent suppression of MYC phosphorylation (P¼ 0.04). Representative immunoblots are shown. Error bars, SD. C, quantitative PCR analysis of MYC and
MYC target gene mRNA expression in murine HCC cells. Treatment of cells with 10 mmol/L AT for 24 hours results in reduced MYC transcriptional activity as
shown by 72% and 76% reduction in expression ofODC and nucleolin (P¼ 0.003, P¼ 0.03), respectively. Expression is normalized to ubiquitin and values are
relative to DMSO control. Error bars, SD. D, quantitative PCR analysis of MYC andMYC target genemRNA expression in human Huh7 cells. Cells were treated
with 10 mmol/L AT for 24 hours and show suppression of MYC transcriptional activity as assessed by reductions of 64% for ODC and 59% for nucleolin
expression (P ¼ 0.016, P ¼ 0.008), respectively. Expression is normalized to ubiquitin and values are relative to DMSO control. Error bars, SD.
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growth was monitored in response to AT, PBS, or AT with MV
treatment (Fig. 6C). The adenoviral delivery of the MYC phos-
phomutants was confirmed by coexpression of GFP (Supple-
mentary Information, Fig. S9). To suppress the conditional
transgenic MYC expression, mice were treated with Dox,
thereby resulting in the effective knock-in of the Ad-MYCWT,
Ad-MYCS62A, or Ad-MYCT58A constructs into the HCC cells.
HCC growth upon injection of Ad-MYCWT showed 66% inhibi-
tion by 100 mg/kg AT but not by PBS or AT and MV treatment
(Fig. 6D, left, PBS vs. AT, P¼ 0.01; AT vs. ATþMV, P¼ 0.007).
However, HCC tumors that were injected with Ad-MYCS62A

exhibited only 44% inhibition of tumor growth upon treatment
with AT (Fig. 6D, middle, PBS vs. AT, P¼ 0.02; AT vs. ATþMV,
P¼ 0.03). Tumors that were injected with Ad-MYCT58A showed
complete rescue from sensitivity to AT treatment (Fig. 6D,
right, PBS vs. AT,P¼ 0.56; AT vs. ATþMV,P¼ 0.03). Therefore,
MYC phosphorylation is necessary for AT to inhibit MYC-
induced HCC tumor growth.

Inhibition of HMG-CoA reductase may block MYC
activity through Rac GTPase
We examined whether the inhibition of HMG-CoA reduc-

tase blocks MYC activation through Rac GTPases. Statins

block production of the isoprenoids farnesyl pyrophosphate
and geranylgeranyl pyrophosphate (23, 38, 39). FPP prenylates
the Ras, Rheb, and PTP4A3 family whereas GGPP prenylates
the Rac, Rho, and Cdc42 family of small GTPases (16). Previous
studies suggest that Ras and Rac/Rho families of GTPases may
contribute to the regulation of MYC phosphorylation (25).
Thus, the inhibition of HMG-CoA reductase is likely to prevent
MYC phosphorylation through these GTPases

To explore the role of GTPases in mediating inhibition of
MYC phosphorylation, we conducted several experiments.
First, to control GTPase activity, we supplemented growth
media with either FPP or GGPP before 96 hours AT treatment
of MYC-inducedmurine HCC cells in vitro. BothMV and GGPP
restored HCC cell proliferation to levels similar to those of
DMSO controls (Fig. 7A; DMSO vs. AT þMV, P ¼ 0.07; DMSO
vs. GGPP, P ¼ 0.053), whereas FPP showed significantly less
reduction in AT-mediated growth inhibition (DMSO vs. FPP, P
< 0.002). Similarly, in Huh7 cells, GGPP was more potent than
FPP in abrogating the effect of 96 hours of 10 mmol/L AT on
proliferation (Fig. 7B; 16% reduction for DMSO vs. ATþMV, P
< 0.01; 16% reduction for DMSO vs. GGPP, P < 0.01; 32%
reduction for DMSO vs. FPP, P < 0.001). In addition, GGPP was
more efficient in rescuing the transcription of multiple MYC

Figure 5. A novel
bioluminescence c-MYC
phosphosensor noninvasively
shows AT-dependent inhibition of
MYC phosphorylation. A, the N-
and C-termini of split FL were
fused to the phosphoregulated
domain of MYC and the
corresponding domain of GSK3b,
respectively. Phosphorylation of
the MYC peptide results in FL
enzymatic activity. B, Huh7 cells
were transfected with the MYC
phosphorylation sensor and
treated with AT. BLI shows a
dose-dependent inhibition of
phospho-MYC (P < 0.0001). FL
activity was normalized to RL
activity and plotted against AT
concentration. Error bars, SD. C,
Western blotting confirms AT-
dependent suppression of
phospho-MYC in transfected
Huh7 cells. D, LAP-tTA/TRE-MYC
transgenic mice were treated with
AT or PBS (n ¼ 3), and
hydrodynamic injection of the
phosphosensor followed by BLI
shows AT-dependent inhibition of
MYC phosphorylation in vivo
(AT-treated mice day 0 vs. day 15,
P ¼ 0.038; PBS-treated mice
day 0 vs. day 15, P ¼ 0.638). E, FL
activity was normalized to RL
activity and plotted against days
of AT treatment.
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target genes, including Cdk4 and E2F1, than FPP following 24
hours of 10 mmol/L AT treatment (Supplementary Informa-
tion, Fig. S10, 40%–45% reduction for FPP, P < 0.001; 25%–60%
increase for GGPP, P < 0.03). MYC phosphorylation was
restored to levels similar to PBS-treated controls when media
containing 10 mmol/L AT was supplemented with GGPP but
not with FPP (Fig. 7C; 76% reduction for FPP, P ¼ 0.001; 21%
reduction for GGPP, P ¼ 0.02). Therefore, inhibition of HMG-
CoA reductase seems to inactivate MYC through the inhibi-
tion of the Rho/Rac pathway.

Finally, we examined the potential role of the Rac/Rho/
Cdc42 pathway as a mechanism by which AT suppresses MYC
activation. First, we investigated whether AT was influencing
the membrane localization of Rac1. Indeed, 24-hour treatment
with 10 mmol/L AT resulted in the delocalization of Rac1 from
the plasma membrane (Fig. 7D; 83% reduction for AT, P <
0.001). As a control, we showed that treatment with MV
blocked these effects, as did treatment with GGPP (Fig. 7D;
no change for PBS vs. ATþMV, P¼ 0.08; 37% increase for PBS
vs. GGPP, P < 0.03). Notably, AT had little effect on Ras
localization (data not shown). Second, using a Rac pull-down
assay, 24 hours of 10 mmol/L AT treatment was shown to
reduce Rac1 activity by 77% (Fig. 7E). Thus, the inhibition of

HMG-CoA reductase by AT seems to suppress activation of
the Rac pathway, suggesting that AT in blocks MYC phos-
phorylation and activation via inhibition of Rac.

Discussion

Here, we show that MYC phosphorylation, activation, and
thereby tumorigenic potential are regulated by HMG-CoA
reductase. In particular, the inhibition of HMG-CoA reductase
by statins suppresses MYC phosphorylation and activation.
The consequences of these effects on MYC include preventing
HCC initiation as well as inhibiting the in vivo growth of
established murine and human HCC tumors. Moreover, sta-
tins, by blocking HMG-CoA reductase, inhibit GTPase activity,
thereby resulting in MYC dephosphorylation and inactivation,
which is essential for their anticancer therapeutic effect
(Fig. 7F). Hence, the inhibition of HMG-CoA reductase by
AT may be an effective strategy for the inhibition of MYC in
the treatment and prevention of HCC.

Importantly, we confirmed the antitumor effects of statins
that we observed both in vitro and in vivo were specific to
HMG-CoA reductase because they could be readily reversed by
cotreatment with MV. We note that the AT doses we used in

Figure 6. HCC transduced with S62A or T58A MYC phosphomutants show reduced sensitivity to HMG-CoA reductase inhibition. A, murine HCC cells were
infectedwith Ad-MYCWT (WT), Ad-MYCS62A (S62A), or Ad-MYCT58A (T58A) adenovirus, andHA-taggedMYCwas immunoprecipitated using an antibody to the
HA tag. Immunoblot analysis suggests that AT-dependent phosphoregulation of MYC is via S62. However, the inhibition of protein stability requires both S62
and T58 phosphoregulation. Cells were treated with 10 mmol/L AT for 24 hours. B, S62A partially and T58A completely abrogated AT inhibition of cell
proliferation (S62A: PBS vs. AT, P < 0.0001; T58A: PBS vs. AT, P ¼ 0.8). Error bars, SD. C, HCC cells isolated from transgenic animals were transplanted into
SCID mice, injected with Ad-MYCWT, Ad-MYCS62A, or Ad-MYCT58A once every week, and orally treated with PBS (n ¼ 6), AT (n ¼ 5), or AT with MV (n ¼ 5)
together with Dox. Tumor growth was measured 3 times per week. D, in vivo growth kinetics of HCC infected with Ad-MYCWT show that AT inhibits tumor
growth in vivo (left, PBS vs. AT, P ¼ 0.01; AT vs. ATþMV, P ¼ 0.007). Error bars, SD. Infection with Ad-MYCS62A partially rescues growth inhibition due to AT
(middle, PBS vs. AT, P ¼ 0.02; AT vs. AT þMV, P ¼ 0.03). Error bars, SD. Ad-MYCT58A completely rescues AT-mediated growth inhibition of HCC (right, PBS
vs. AT, P ¼ 0.56; AT vs. AT þ MV, P ¼ 0.03). Error bars, SD.
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mice seem to be higher than generally used in humans.
However, it is well known that, because of differences in
the pharmacokinetics, murine doses have to be 50-fold higher
than in humans (35, 36). Moreover, we confirmed that the
antitumor dose of AT did not exhibit in vivo toxicity (Supple-
mentary Information, Fig. S4) and hence is likely to be
achievable in humans.
The inhibition of HMG-CoA reductase was found to block

MYC phosphorylation. First, AT treatment blocks MYC phos-
phorylation in murine and human HCC cells both in vitro and
in vivo. Concomitant treatment with MV abrogates the ability
of AT to block MYC phosphorylation and activation and
mediate its suppressive effect on HCC growth, indicating that
the antineoplastic effect of AT is via the inhibition of HMG-

CoA reductase (Fig. 4). Second, a novel phosphorylation sensor
was used to show in situ in human HCC cells and in vivo in
living mice (Fig. 5). This phosphosensor may be a useful
approach to develop therapies that target MYC phosphoryla-
tion. Third, mutations in 2 MYC phosphorylation sites, spe-
cifically S62 and T58, blocks the ability of AT to inhibit tumor
growth in vivo. Therefore, HMG-CoA reductase activity is
important to the regulation of MYC phosphorylation.

We infer that MYC phosphorylation is an essential compo-
nent of the mechanism by which statins mediate their anti-
neoplastic properties. The introduction of mutant MYC alleles
in HCC tumor cells reduced their sensitivity to statins in vitro
and in vivo. Specifically, the differential ability of S62A and
T58A MYC to block the effect of AT in vitro and in vivo (Fig. 6)

Figure 7. HMG-CoA reductase
influences MYC phosphorylation
through a Rac GTPase–
dependent mechanism. A,
suppression of murine HCC
growth in vitro upon 10 mmol/L AT
treatment for 96 hours is rescued
by GGPP treatment, as assessed
by MTT (DMSO vs. AT þ MV, P ¼
0.07; DMSO vs. GGPP, P¼ 0.053,
DMSO vs. FPP, P ¼ 0.002). Error
bars, SD. B, GGPP treatment
rescues the AT-dependent
suppression in human HCC cell
growth upon 10 mmol/L AT
treatment (DMSO vs. AT þ MV, P
¼ 0.01; DMSO vs. GGPP, P ¼
0.01, DMSO vs. FPP, P < 0.001).
Error bars, SD. C, GGPP treatment
rescues AT-dependent inhibition
of MYC phosphorylation.
Representative immunoblots are
shown. Error bars, SD. D, GGPP
treatment prevents the decrease
in the membrane accumulation of
Rac induced by 24 hours of 10
mmol/L AT. E, AT treatment
inhibits Rac activity, which was
reduced by 77% as measured by
pull-down assay. F, our results
suggest a model in which
inhibition of HMG-CoA reductase
by AT blocks prenylation and
activation of small GTPases,
specifically including Rac. AT-
mediated inhibition of Rac likely
results in reduction of phospho-
S62 MYC. Dephosphorylation at
S62 in the context of phospho-
T58 thereby results in the
ubiquitin-mediated degradation of
MYC. As such, AT treatment
ultimately results in the inhibition
of MYC oncogenic activity and
suppressed hepatocellular
carcinogenesis.
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suggests that AT-mediated reduction in phospho-S62 would
therefore result in MYC phosphorylated at only T58, which is
rapidly degraded in a ubiquitin-dependent manner (12, 13).
Our results are consistent with a role of S62 and T58 phos-
phorylation in MYC stability and transcriptional activity and,
most important, their role in tumorigenesis (12). However, we
note that S62/T58 phosphorylation has not always been found
to regulate MYC stability (40). We conclude that the inhibition
of MYC phosphorylation may be important to the mechanism
by which the inhibition of HMG-CoA reductase by statins
exerts its antineoplastic properties.

Many reports suggest that statins have antineoplastic prop-
erties (25, 41–44). Many mechanisms have been proposed
including the inhibition of the ErbB2 pathway (45), the block-
ing of the interaction between the lymphocyte function–
associated antigen and intercellular cell adhesion molecule-
1 (46), the suppression of geranylgeranylation of the Rho
family proteins (47), and the prevention of the prenylation
of RhoA and downstream activation of focal adhesion kinase,
AKT, and b-catenin (23). Although we cannot preclude any of
these possibilities, our results are consistent with the notion
that the inhibition of HMG-CoA reductase by AT in HCC cells
blocks MYC phosphorylation likely through the inhibition of
small GTPases in the Rac pathway (Fig. 7).

Our results are the first to suggest that HMG-CoA reductase
regulates MYC activation via Rac. We are currently investigat-
ing the signaling intermediates that may function between
Rac and MYC to mediate the antineoplastic effect of AT.
Previously, it has been suggested that Rac regulates MYC
(28). Rac1 can inhibit protein phosphatase PP2A (48), which
has been shown to dephosphorylate MYC at S62 (13). One
possible mechanism suggested by our work is that AT inhibi-
tion of Rac can result in activation of PP2A, which subse-
quently dephosphorylates MYC at S62 and induces the
ubiquitin-dependent degradation of T58-phosphorylated
MYC (Fig. 7F).

Our results illustrate that the inhibition of HMG-CoA
reductase by statins may be useful in the treatment and
prevention of human HCC. HCC is increasing in incidence,
has a generally dismal prognosis, and there are few treatment
options (49). Statins were developed to inhibit HMG-CoA
reductase in the liver to reduce cholesterol. Hence, they

may be aptly suited for treating cancers of the liver. Moreover,
statins are well tolerated in humans and may be useful in the
prevention of HCC in patients at high risk (49). Notably, some
clinical studies have suggested that that the statin pravastatin
may have clinical activity in patients with HCC (50, 51),
whereas other studies have not found clinical benefit (52).
A possible explanation for this possible discrepancy in the
benefit from statins is that clinical activity could depend upon
the activation status of MYC. Also, AT may be a more effective
statin for the treatment of HCC.

We conclude that MYC phosphorylation is a critical
mechanism by which the inhibition of HMG-CoA reductase
by statins mediates their antineoplastic effects. We have
shown that a novel molecular imaging sensor may be useful
for the identification through high-throughput methods of
new therapeutic agents that inhibit MYC phosphorylation and
activation. Importantly, statins may be effective agents to
inhibit MYC function as a treatment for HCC.
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SUMMARY
Oncogene addiction is thought to occur cell autonomously. Immune effectors are implicated in the initiation
and restraint of tumorigenesis, but their role in oncogene inactivation-mediated tumor regression is unclear.
Here, we show that an intact immune system, specifically CD4+ T cells, is required for the induction of cellular
senescence, shutdown of angiogenesis, and chemokine expression resulting in sustained tumor regression
upon inactivation of the MYC or BCR-ABL oncogenes in mouse models of T cell acute lymphoblastic
lymphoma and pro-B cell leukemia, respectively. Moreover, immune effectors knocked out for thrombospon-
dins failed to induce sustained tumor regression. Hence, CD4+ T cells are required for the remodeling of the
tumor microenvironment through the expression of chemokines, such as thrombospondins, in order to elicit
oncogene addiction.
INTRODUCTION

The inactivation of a single oncogene is sufficient to induce sus-

tained tumor regression in vivo through the phenomenon of

oncogene addiction, as has been demonstrated experimentally

in many conditional transgenic mouse model systems (Felsher,

2008; Sharma and Settleman, 2007; Weinstein and Joe, 2008)

and through the development of targeted therapeutics such as

Gleevec (Weinstein and Joe, 2006). Oncogene addiction is asso-

ciated with proliferative arrest, apoptosis, differentiation, and

cellular senescence as well as the shutdown of host programs

such as angiogenesis (Felsher, 2003; Felsher and Bishop,
Significance
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system results in a 10- to 1000-fold reduction in the rate, exte
vation. We uncovered an unanticipated role for CD4+ T cell ef
of tumor angiogenesis and discovered a critical role for the e
strategies to identify therapeutic agents utilize in vitro model
immune system. Our results argue for the necessity of models
uate the potential efficacy of targeted therapeutics for maxim
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1999; Giuriato et al., 2006; Jain et al., 2002; Shachaf et al.,

2004; Wu et al., 2007). To date, it has been presumed that onco-

gene inactivation induces tumor regression through cell autono-

mous mechanisms, independent of host effector cells.

The host immune system plays an important role in tumorigen-

esis. Both antigen-dependent and -independent mechanisms

are implicated through multiple cellular effectors and effects on

inflammation and the tumor microenvironment (Crowe et al.,

2002; Shankaran et al., 2001). Indeed, it is well documented

that CD8+ T cells contribute to antigen-dependent and NK cell-

mediated tumor elimination (Shanker et al., 2007; van der Brug-

gen et al., 1991). Additionally, CD4+ T cellsmay also contribute to
nactivation, we show that the absence of an intact immune
nt, and duration of tumor regression upon oncogene inacti-
fectors in mediating cellular senescence and the shutdown
xpression of thrombospondin-1 in immune effectors. Most
s or in vivo xenograft models overlooking the effect of the
that include an intact host immune system to properly eval-
um clinical impact.
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tumor regression (Corthay et al., 2005; Qin and Blankenstein,

2000). Chemokines produced by the immune system have

been shown to play an important role during tumor evolution

and therapeutic response (Rossi and Zlotnik, 2000; Smyth

et al., 2004).

In general, tumors coevolve with host immune effectors and

chemokines through a process that has been described as

immune editing (Dougan and Dranoff, 2009; Dunn et al., 2002;

Dunn et al., 2006; Reiman et al., 2007; Swann et al., 2008).

Immune editing has been dramatically illustrated in several

models of carcinogenesis (Bui et al., 2006; Shankaran et al.,

2001; Willimsky and Blankenstein, 2005). Host immune effectors

also contribute to the initiation of tumorigenesis through pro-

found effects on the tumor microenvironment (Coussens and

Werb, 2002; de Visser et al., 2006). Thus, the immune system

appears to play a complex role in both the initiation and restraint

of tumorigenesis.

The role of the immune system in mediating tumor regression

upon targeted oncogene inactivation is not known. Hosts that

are immune compromised have a markedly increased incidence

of many different types of cancers (Birkeland et al., 1995; Dunn

et al., 2002; Pham et al., 1995). The host immune system is inti-

mately involved not only in the promotion and prevention of

neoplasia but also in determining the therapeutic response to

treatment of cancer (Andreu et al., 2010; Boshoff and Weiss,

2002; Dave et al., 2004; Galon et al., 2006; Gatti and Good,

1971; Kohrt et al., 2005; Zitvogel et al., 2008). However, experi-

mental study of therapeutics for cancer is usually performed

in vitro or in vivo in immune compromised hosts, circumstances

in which immune effectors are necessarily absent. Thesemodels

do not account for the role of host-tumor interactions and the

role of the immune system.

The MYC oncogene has been implicated in the pathogenesis

of many human tumors (Meyer and Penn, 2008).MYC is involved

in the etiology of many types of lymphoma including Burkitt’s

large cell and T cell acute lymphoblastic lymphoma (T-ALL)

(Boxer and Dang, 2001; Pelengaris et al., 2002). We have

previously described our conditional transgenic mouse models

of MYC-induced T cell acute lymphoblastic lymphoma (T-ALL)

(Felsher and Bishop, 1999). The inactivation of MYC is sufficient

to induce sustained tumor regression associated with prolifera-

tive arrest, apoptosis, differentiation, cellular senescence and

the shutdown of angiogenesis (Felsher and Bishop, 1999; Giur-

iato et al., 2006; Wu et al., 2007). Here, we show that defects in

the host immune system have a profound influence on the ability

of oncogene inactivation to elicit oncogene addiction.
RESULTS

Immune System Is Required for Rapid, Complete,
and Sustained Tumor Regression
To interrogate if the immune system is required to elicit onco-

gene addiction upon MYC inactivation, we transplanted lucif-

erase labeled tumors from our conditional transgenic mouse

model of MYC-induced hematopoietic tumorigenesis into wild-

type hosts and in hosts with specific defects in immune com-

partments: SCID, RAG2�/�cgc�/�, RAG2�/�, CD4�/�CD8�/�,

CD4�/�CD8+/+, CD4+/+CD8�/� (Figures 1A and 1B). By using
486 Cancer Cell 18, 485–498, November 16, 2010 ª2010 Elsevier Inc
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bioluminescence imaging, we could measure the kinetics of

tumor regression upon MYC inactivation.

Tumors initially exhibited regression regardless of the host

immune status (Figures 1A, 1B, and 1C). However, severely

immune compromised hosts (SCID and RAG2�/�cgc�/� mice

deficient in the adaptive immune system and NK cells) demon-

strated significantly delayed kinetics of tumor regression upon

MYC inactivation compared with wild-type (WT) hosts (Fig-

ure 1D, SCID versus WT, p < 0.001) and failed to execute

complete tumor elimination with up to 1000-fold more minimal

residual disease (MRD) after MYC inactivation (Figure 1E,

SCID versus WT, p < 0.0001; RAG2�/� cgc�/� versus WT, p =

0.01 at the nadir of luciferase activity upon MYC inactivation).

Similarly, less severely immune compromised hosts also ex-

hibited delayed kinetics (Figures 1B and 1D, RAG2�/� versus

WT, p = 0.02; CD4�/�CD8�/� versus WT, p = 0.02) and a signif-

icantly increased MRD (Figure 1E, RAG2�/� versus WT, p =

0.01; CD4�/�CD8�/� versus WT, p < 0.01). Hence, an intact

immune system is required for rapid and complete tumor

regression.

To determine if host immune status influenced the frequency

of tumor recurrence, we continued to observe mice for 80 days

after MYC inactivation noting that tumors recurred at a statisti-

cally significant higher frequency in SCID, RAG2�/�cgc�/�,

RAG2�/�, and CD4�/�CD8�/� hosts (87.5%, 100%, 100%, and

80%, respectively) compared withWT hosts (9%) (immune com-

promised hosts versus WT, p < 0.0001, also see Figure 1F).

CD4�/� but not CD8�/� deficient hosts exhibited a significant

influence on tumor recurrence (28.5%, 0%, respectively) (Fig-

ure 1F). Correspondingly, CD4+, but not CD8+ T cell deficiency

alone was sufficient to impede sustained tumor regression com-

pared to WT mice (Figure 1F, WT versus CD4�/�, p = 0.02).

Similar results could be obtained using nonluciferase labeled

tumors (Figure S1A). By qPCR analysis it was confirmed that

doxycycline treatment resulted in similar suppression of trans-

genic MYC expression regardless of host immune status (Fig-

ure S1B). Hence, defects in the host immune system prevented

sustained tumor regression upon MYC inactivation.

Immune System Is Not Required to Induce Proliferative
Arrest or Apoptosis
Previously, we have shown that uponMYC inactivation in a trans-

genic model of T-ALL, tumor cells undergo proliferative arrest

and apoptosis (Felsher and Bishop, 1999). We determined if

the mechanism by which immune cells were contributing to the

process of tumor regression was through effects on proliferation

and apoptosis of tumor cells before and after MYC inactivation

(Figures 2A and 2B). After 4 days of MYC inactivation, tumors

from wild-type and immunodeficient hosts exhibited an overall

loss of pleomorphic characteristics evidenced by a similarly

marked reduction in cell size and nuclear to cytoplasmic ratio

in both cohorts. Importantly, upon MYC inactivation, we

observed marked changes in the total number of cells per field

and carefully controlled for these changes in our quantification

of TUNEL and Ki67 staining.

To measure apoptosis, TUNEL staining was performed.

Apoptosis occurred similarly upon MYC inactivation regardless

of host immune status (Figure 2A), suggesting that initial tumor

regression occurs similarly regardless of the presence or
.



Figure 1. An Intact Immune System Is

Required for Sustained Tumor Regression

(A and B) Graphical representation of tumor

regression and relapse kinetics as measured

by bioluminescence imaging. Luciferase-labeled

tumor cell lines from our conditional mouse

T-ALL model were injected s.c. into different

cohorts of mice (WT, n = 11; CD8�/�, n = 7;

CD4�/�, n = 6; CD4�/�CD8�/�, n = 5; SCID, n = 8;

RAG2�/�, n = 7; RAG2�/�cgc�/�, n = 3).MYC was

inactivated by administering doxycycline (dox) to

the mice when tumors reached a comparable

bioluminescence signal (108p/s/sr/cm2).

(C) Bioluminescence images of tumors regressing

in the different immunodeficient hosts. Data are

representative of three experiments.

(D) Quantitative analysis of tumor regression in the

indicated hosts, 8 days after MYC inactivation.

(E) Quantification of minimum residual disease

in the indicated hosts. Data are presented as

the minimum bioluminescence signal after MYC

inactivation.

(F) Kaplan Meier curves of tumor-free survival in

the various immunodeficient genotypes. A mouse

was scored as a relapse when its tumor biolumi-

nescence signal first began to increase after tumor

regression. The log-rank test was used to com-

pare survival curves. Data are representative of

three experiments using two cell lines and one

primary tumor. Statistical significance was

analyzed by pooling data from all experiments

(WT, n = 43; CD8�/�, n = 20; CD4�/�, n = 24;

CD4�/�CD8�/�, n = 15; SCID, n = 15; RAG2�/�,

n = 46) (p value evaluated by unpaired Student’s

t test) is shown.

*p < 0.01, **p < 0.001, ***p < 0.0001. Error bars are

± SEM. See also Figure S1.
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absence of an immune system. Quantification of TUNEL staining

revealed a 2-fold increase in the extent of apoptosis upon MYC

inactivation in tumors from WT hosts (Figure 2B, WT MYC On

versus Off, p = 0.05). Moreover, the apoptosis in regressing

tumors from WT hosts was not significantly different from that

of regressing tumors in either RAG2�/� or CD4�/� hosts (Fig-

ure 2B, WT versus RAG2�/�, CD4�/� MYC Off, p = 0.3 and 0.3,

respectively). Finally there was a small but statistically insignifi-

cant increase in the levels of apoptosis upon MYC inactivation

in RAG2�/� or CD4�/� hosts (Figure 2B, RAG2�/�, CD4�/�

MYC On versus Off, p = 0.07 and 0.09, respectively). Hence,

the absence of the immune system may slightly impede

apoptosis of tumor cells upon MYC inactivation.

Next, changes in cellular proliferation upon MYC inactivation

were measured by Ki67 staining. MYC inactivation in tumors

from WT and immunodeficient hosts resulted in a significant

reduction in Ki67 staining (Figures 2A and 2B, WT, RAG2�/�,

CD4�/� MYC On versus MYC Off, p < 0.01). Interestingly, in

comparison toWT hosts, RAG2�/� but not CD4�/� hosts, under-

went a statistically significant further decrease in Ki67 staining

upon MYC inactivation (WT versus RAG2�/� or CD4�/� MYC
Can
4

Off, p = 0.02 or p < 0.05, respectively). Thus, the absence of

the host immune system either has no effect or modestly

enhances the effect of MYC inactivation in inducing proliferative

arrest.

Immune System Is Required to Induce Cellular
Senescence and the Shutdown of Angiogenesis
We have reported that upon MYC inactivation tumor cells

undergo cellular senescence (Wu et al., 2007) and the shutdown

of angiogenesis (Giuriato et al., 2006). We examined the role

of both processes. Tumors from WT hosts expressed a 20-fold

increase in senescence-associated acidic b-gal (SA-b-Gal)

activity upon MYC inactivation and demonstrated a 26- and

6-fold increase in senescence-associated markers, p16INK4a

and p21, respectively, upon MYC inactivation (Figures 3A and

3B). In contrast, MYC inactivation in tumors in RAG2�/� and

CD4�/� mice did not result in increased SA-b-Gal or the induc-

tion of p16INK4a or p21 (Figures 3A and 3B, WT versus

RAG2�/� MYC Off SA-b-Gal, p = 0.01, p16 staining p = 0.002,

p21 staining p = 0.01; WT versus CD4�/�, MYC Off SA- b-Gal,

p = 0.009, p16 staining, p = 0.0005, p21 staining, p = 0.004).
cer Cell 18, 485–498, November 16, 2010 ª2010 Elsevier Inc. 487
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Figure 2. The Immune System Does Not Influence Apoptosis or Proliferative Arrest upon MYC Inactivation

(A) Micrographs of hematoxylin and eosin staining (left panel), TUNEL (middle panel), and Ki67 (right panel) immunostaining of tumors derived from untreated

(MYC On) and 4 day dox-treated mice (MYC Off) from WT (top panel), RAG2�/� (middle panel), and CD4�/� (bottom panel) hosts. Scale bar = 100 mm.

(B) Quantitative representation of Ki67 (top panel) and TUNEL (bottom panel) immunostaining shown in (A) for 0, 2, and 4 days after MYC inactivation. Quanti-

fication of TUNEL and Ki67 immunostaining is presented as the average percentage of TUNEL-positive cells and area of Ki67-positive regions, respectively,

within the tumors. At least five different fields from three different tumors injected with at least two different tumor cell lines for each different condition. Statistical

significance (p value evaluated by unpaired Student’s t test) is shown. *p < 0.01, **p < 0.001, ***p < 0.0001. Error bars are represented as ± SEM.
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Thus, in immune deficient mice, MYC inactivation is impeded

from inducing cellular senescence in tumor cells. Notably,

CD4+ T cells specifically appeared to be required.

We determined if an intact immune system was required for

MYC inactivation to induce the shutdown of angiogenesis asso-

ciated with the secretion of TSP-1, a potent antiangiogenic

protein (Giuriato et al., 2006; Kazerounian et al., 2008; Lawler,

2000). Upon MYC inactivation there was a 3.5-fold induction of

TSP-1 in tumors from WT hosts but not in RAG2�/� or CD4�/�

hosts (Figure 4A, WT versus RAG2�/�, CD4�/� MYC Off, p =

0.001). Furthermore, while tumors in WT mice demonstrated

very little change in mean vascular density (MVD) as measured

by CD31 staining upon MYC inactivation (Figure 4B), RAG2�/�

and CD4�/� mice exhibited a 5- and 12-fold, respectively,

increase in tumor MVD upon MYC inactivation (Figures 4A and
488 Cancer Cell 18, 485–498, November 16, 2010 ª2010 Elsevier Inc
48
4B, RAG2�/� MYC On versus Off, p < 0.0001; CD4�/� MYC On

versus Off, p = 0.07). Thus, the absence of CD4+ T cells impairs

the ability of MYC inactivation to induce cellular senescence as

well as shutdown angiogenesis.

Finally, TSP-1 expression requires host immune cells and

specifically CD4+ T cells. Indeed, we found that TSP-1 protein

expression is markedly decreased in spleens of immune com-

promised versus wild-type hosts (Figure S2A). Further, we

show that activated CD4+ T cells express TSP-1 (Figure S2B).

CD4+ T Cells Home to the Tumor and Are Sufficient
to Restore Sustained Tumor Regression
We examined if CD4+ T cells were homing to the tumor site upon

oncogene inactivation. Upon adoptive transfer into RAG2�/�

hosts, luciferase+ CD4+ T cells rapidly localized to the tumor
.



Figure 3. An Intact Immune System Is Required for the Induction of Cellular Senescence upon MYC Inactivation

(A) Micrographs of senescence associated b-galactosidease (SA b-gal, left panel), p16 (middle panel), and p21 (right panel) immunostaining of tumors derived

from untreated (MYC On) and 4 day dox-treated (MYC Off) mice of the indicated genotypes. Scale bar = 100 mm.

(B) Quantification of SA-b-gal (top panel), p16 (middle panel), and p21 (bottom panel) staining shown in (A) for 0, 2, and 4 days after MYC inactivation. Quanti-

fication is presented as the average percentage of positively stained regions within the tumors. At least five different fields from three different tumors injectedwith

at least two different tumor cell lines were analyzed for each different condition. Statistical significance (p value evaluated by unpaired Student’s t test) is shown.

*p < 0.01, **p < 0.001, ***p < 0.0001. Error bars are ± SEM.
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site uponMYC inactivation as seen by bioluminescence imaging

of these tumors before and after MYC inactivation (Figure 5A).

Inactivating this oncogene causes CD4+ T cells to localize at

the tumor site as early as 4 days after oncogene inactivation,

peak at day 12 and persist up to 3 weeks afterMYC inactivation.

Thus, MYC inactivation is associated with trafficking of CD4+

T cells to sites of tumor involvement. Notably, CD4+ T cell-

depleted luciferase+ splenocytes also localized to the site of

the tumor upon MYC inactivation, suggesting the recruitment

of additional host immune effector populations (Figure S3A).

Next, we evaluated if we could restore the ability of MYC

inactivation to induce sustained tumor regression in immune

compromised hosts by adoptively transferring specific lympho-
Can
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cyte populations into RAG2�/� mice. By FACS analysis, we con-

firmed reconstitution of effector cells (Figure S3B). As expected,

RAG2�/� mice adoptively transferred with splenic lymphocytes

exhibited sustained regression (Figure 6B). RAG2�/� hosts dem-

onstrated a significant amount of MRD after MYC inactivation

compared with WT hosts (Figures 5B and 5C, RAG2�/� versus

WT, p = 0.007). Reconstitution of immunodeficient hosts with

naive CD8+ T cells continued to have a significant burden of

MRD (Figure 5C, RAG2�/�CD8+ versus WT, p = 0.03), whereas

reconstitution of RAG2�/� hosts with naive CD4+ T cells

completely eliminatedMRD, similar toWT hosts uponMYC inac-

tivation (Figure 5C, RAG2�/�CD4+ versus WT, p = 0.09). More-

over, RAG2�/� hosts adoptively transferred with CD4+ T cells
cer Cell 18, 485–498, November 16, 2010 ª2010 Elsevier Inc. 489
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Figure 4. An Intact Immune System Is Required for the Inhibition of Angiogenesis upon MYC Inactivation

(A) Micrographs of TSP-1 (left panel) and CD31 (right panel) immunohistochemical and immunofluorescence staining of tumors derived from untreated (MYCOn)

and 4 day dox-treated (MYC Off) mice of the indicated genotypes. Scale bar = 100 mm.

(B) Quantification of TSP-1 (top panel) and CD31 (bottom panel) staining shown in (A). Quantification is presented as the average percentage of positively stained

regions within the tumors. At least five different fields from two different tumors were analyzed for each different condition. Statistical significance (p value eval-

uated by unpaired Student’s t test) is shown. *p < 0.01, **p < 0.001, ***p < 0.0001. Error bars are ± SEM.

See also Figure S2.
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exhibited statistically significant prolonged tumor-free survival

compared with RAG2�/� or RAG2�/� hosts reconstituted with

CD8+ T cells (Figures 5B and 5D, RAG2�/� versus RAG2�/�

CD4+, p = 0.007, RAG2�/�CD4+ versus RAG2�/�CD8+, p =

0.03). Hence, restoration of CD4+ T cells alone was sufficient

for the ability of MYC inactivation to eliminate MRD and induce

sustained tumor regression.

Host Immune System Is Required to Elicit Changes
in Chemokine Expression
We measured relative fold changes in cytokine production in

tumors growing in WT or RAG2�/� hosts after MYC inactivation

(Figure 6A). MYC inactivation in tumors from WT compared
490 Cancer Cell 18, 485–498, November 16, 2010 ª2010 Elsevier Inc
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with RAG2�/� hosts revealed an upregulation of antiproliferative

and antiangiogenic (‘‘antitumor’’) cytokines that suggest poten-

tial involvement by other immune effectors. Eotaxin-1 and IL-5

(Figure 6A, WT versus RAG2�/� fold change uponMYC inactiva-

tion p = 0.02 and p = 0.003, respectively) are potent TH2 cyto-

kines that have been implicated in the recruitment of an eosino-

phil-mediated antitumor inflammatory response (Simson et al.,

2007). IFN-g was observed to increase over 4-fold upon MYC

inactivation in the WT hosts with virtually no change in the

absence of the host immune system (WT versus RAG2�/� fold

change uponMYC inactivation p = 0.03) while TNF-a was signif-

icantly downregulated in RAG2�/� hosts (RAG2�/� MYC On

versus Off, p = 0.02); its upregulation was close to statistical
.



Figure 5. CD4+ T Cells Home to the Tumor and Are Sufficient to Induce Sustained Tumor Regression upon MYC Inactivation

(A) Bioluminescence signal of luciferase+CD4+ T cells that home to the tumor microenvironment. RAG2�/� mice were reconstituted with luciferase+ CD4+ T cells

and unlabeled tumor cell lines were injected s.c. 8 days post reconstitution.MYCwas inactivated when tumors grew to a size of 1000 mm3. Data are represented

as bioluminescence signal (average radiance) plotted against time after MYC inactivation (n = 3).

(B) Tumor regression and relapse kinetics measured by bioluminescence imaging. RAG2�/� mice were reconstituted with CD4+ (RAG2�/�reconst.CD4+T cells,

n = 5) or CD8+ (RAG2�/�reconst. CD8+T cells, n = 6) T cells fromWTmice. Eight days after reconstitution, luciferase+ tumor cell lines were injected s.c.MYCwas

inactivated when tumors in all hosts reached a comparable bioluminescence signal. Data are presented as bioluminescence signal (average radiance) plotted

against time after MYC inactivation. WT (n = 3) and RAG2�/� (n = 3) mice were used as positive and negative controls.

(C) Quantification of minimum residual disease. Bioluminescence signals of tumors at their maximally regressed state are plotted against genotype. Statistical

significance (p value evaluated by unpaired Student’s t test) is shown. *p < 0.01, **p < 0.001, ***p < 0.0001. Error bars are ± SEM.

(D) Kaplan Meier curves of tumor-free survival in the reconstituted RAG2�/�, RAG2�/�, and WT mice. Log-rank test was used compare the survival curves.

Data are representative of three experiments. Statistics were performed including all data: n = 14, RAG reconstituted with CD8+ T cells: n = 12. reconst. =

reconstituted with.

See also Figure S3.
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significance in the WT hosts (WT MYC On versus Off, p = 0.07).

Both cytokines have been shown by many to be critical media-

tors of potent CD4+ antitumor activity (Qin and Blankenstein,

2000; Thomas and Hersey, 1998). Interestingly, MCP-1, a potent

chemoattractant of inflammatory tumor-associated macro-

phages (TAMs), specifically, tumor-promoting M2 macrophages

(Allavena et al., 2008; Hu et al., 2009), was significantly downre-

gulated in the tumors from immunodeficient hosts compared

with WT (WT versus RAG2�/� fold change upon MYC inactiva-

tion p = 0.008).

Also, the downregulation of ‘‘protumor’’ cytokines was mea-

sured in tumors fromWT and RAG2�/� hosts. Vascular endothe-
Can
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lial growth factor (VEGF) was downregulated almost 4-fold in WT

hosts (WT MYC On versus Off, p = 0.01), whereas no change in

its expression could be detected in tumors from immunodefi-

cient hosts. IL-b decreased significantly close to 2-fold (WT

versus RAG2�/� fold change upon MYC inactivation, p = 0.02);

downregulation of these two cytokines suggests enhanced

suppression of angiogenesis in the presence of an intact host

immune system upon MYC inactivation (Kowanetz and Ferrara,

2006; Shchors et al., 2006).

Finally, RAG2�/� hosts that had been reconstituted with CD4+

T cells exhibited similar changes in chemokine expression to WT

hosts upon MYC inactivation (Figure S4B). The antitumor
cer Cell 18, 485–498, November 16, 2010 ª2010 Elsevier Inc. 491
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Figure 6. Cytokines Produced by the

Immune System Contribute to Sustained

Tumor Regression upon MYC Inactivation

(A) Graphical representation of fold change of indi-

cated cytokines upon MYC inactivation in tumors

from WT and RAG2�/� hosts. Tumors from WT

and RAG2�/� mice were harvested at tumor onset

and 4 days afterMYC inactivation and run on a lu-

minex platform to check for protein expression

of 21 different cytokines. The significant fold

changes in the various cytokines upon MYC inac-

tivation were log2 transformed and plotted for

various pro- and antitumor cytokines. *p < 0.01,

**p < 0.001. Asterisks above the bars represent

significance in cytokine expression upon MYC

inactivation in the indicated host. Error bars

are ± SEM.

(B) Kaplan-Meier curves of tumor-free survival of

reconstituted RAG2�/�, RAG2�/�, and WT mice.

RAG2�/� mice were reconstituted with spleno-

cytes from WT (n = 18) or TSP-1,2�/� (n = 16)

mice i.v. Eight days post reconstitution, mice

were transplanted with lymphoma cells s.c. MYC

was inactivated when tumors were 1000 mm3.

WT (n = 8) and RAG2�/� (n = 11). Log-rank test

was used to analyze survival of indicated geno-

types. Data are representative three experiments.

(C) Kaplan-Meier curves of tumor-free survival of

RAG2�/� mice injected with TSP-1 transfected

tumor cell lines (n = 5) or vector transfected control

tumor cell lines (n = 5). A p53�/� conditional MYC

lymphoma cell line was used.

See also Figure S4.
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cytokines (eotaxin, IFN-g and RANTES) increased, while the

protumor cytokine, VEGF decreased in protein expression

(Figure S4B). Thus, the host immune status is responsible for

the regulation of changes in cytokine expression.

TSP Expression Is Required for Sustained Tumor
Regression upon MYC Inactivation
Our results suggested to us the possibility that specific cyto-

kines may be critical to the remodeling of the tumor and the

tumor microenvironment upon MYC inactivation. We used two

approaches to investigate the role of TSP-1. First, we reconsti-

tuted RAG2�/� mice with splenocytes from either TSP-1,2+/+

(WT) or TSP-1,2�/� mice. Both TSP-1 and 2 have been impli-

cated in the inhibition of angiogenesis and have similar structural

domains (Kazerounian et al., 2008; Lawler, 2000). By FACS anal-

ysis, we verified equivalent immune reconstitution (Figure S4A).

Indeed, RAG2�/� mice reconstituted with TSP-1,2�/� spleno-

cytes completely failed to protect from sustained tumor regres-

sion upon MYC inactivation compared to RAG2�/� mice recon-
492 Cancer Cell 18, 485–498, November 16, 2010 ª2010 Elsevier Inc
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stituted with WT splenocytes (Figure 6B,

relapse rate WT versus TSP-1,2�/�,

10% versus 100%, p = 0.02). We con-

clude that TSP expression in immune

effectors is important for sustained tumor

regression upon MYC inactivation.

Next, we addressed whether we

could bypass the requirement for TSP-1
xpression from host immune cells by artificially introducing

SP-1 into tumor cells. We compared tumor recurrence upon

YC inactivation in RAG2�/� hosts of tumors infected with

vector control versus tumors infected with a TSP-1 expression

ector. TSP-1 overexpressing tumors exhibited a delay in the

inetics (mean latency 80 versus 102 days) and a decreased fre-

uency of tumor recurrence (40% versus 100%) resulting in a

tatistically significant survival advantage (Figure 6C, RAG2�/�

SP-1+ versus RAG2�/�, p = 0.02). Thus, TSP-1 overexpression

f tumor cells is sufficient to increase the duration and frequency

f sustained tumor regression uponMYC inactivation in immune

ompromised hosts.

yclosporine A Treatment of Primary Tumors Impedes
enescence and Shutdown of Angiogenesis
o examine if similar results would be observed in primary trans-

enic tumors, we determined the influence of the pharmacolog-

al suppression of the host immune system with cyclosporine

(Shevach, 1985) on the consequences of MYC inactivation.



Figure 7. Cyclosporine A Treatment Inhibits Induction of Senescence and Inhibition of Angiogenesis in Tumors from PrimaryMYC-Induced

T-ALL

(A) Micrographs of hematoxylin and eosin, Ki67, SA-b-gal, p16, p21, CD31, and TSP-1 immunostaining (ordered from top to bottom) of tumors derived from

untreated and cyclosporine A-treated primary tumor bearing mice (MYC On and 4 day dox-treated MYC Off). Scale bar = 100 mm.

(B) Quantification of immunostaining shown in (A). Ordered from left to right, the graphs represent quantification of Ki67, SA-b-gal, p16, p21, CD31, and TSP-1

expression. Quantification is the average percentage of positively stained regions within the tumors. At least five different fields from two different tumors were

analyzed. Statistical significance (p value evaluated by unpaired Student’s t test) is shown. *p < 0.01, **p < 0.001, ***p < 0.0001. Error bars are ± SEM.

See also Figure S5.
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Cyclosporine A did not have any direct effects on the prolifera-

tion of tumor cells in vitro (Figure S5). Cyclosporine A treated

primary transgenic mice illustrated a marked inhibition on the

ability of MYC inactivation to induce both cellular senescence

as measured by staining for SA b-galactosidase (70% versus

1%; p < 0.01), p16 (6% versus 2%; p < 0.05), and p21 (0.5%

versus 0.1%, p < 0.01) as well as the suppression of angiogen-
Can
5

esis as measured by decrease in staining for CD31 (0.2% versus

0.4%, p = 0.05) and the induction of TSP-1 (6% versus 1%, p =

0.0006) (Figures 7A and 7B). Thus, cyclosporine A blocked the

ability of MYC inactivation to induce senescence and shut

down angiogenesis. We observed no effects on apoptosis as

measured by TUNEL staining (data not shown). However, cyclo-

sporine A treatment may suppress the ability ofMYC inactivation
cer Cell 18, 485–498, November 16, 2010 ª2010 Elsevier Inc. 493
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Figure 8. An Intact Immune System Is Required for Sustained Regression of Tumors in a Conditional Mouse Model of BCR-ABL-Induced

B-ALL

(A) Kaplan-Meier curves of tumor-free survival of RAG2�/� (n = 9) and WT (n = 4) mice transplanted with unlabelled leukemia cells i.p. When mice were moribund

with tumor, BCR-ABL was inactivated, and mice were scored for relapse.

(B) Micrographs and quantification of Ki67, SA-b-gal, and TSP-1 immunostaining (ordered from top to bottom) of tumors derived from untreated (BCR-ABL On)

and doxycycline-treated (BCR-ABL Off) wild-type and immunodeficient tumor-bearing mice. Scale bar = 100 mm. Quantification is average percentage of

positively stained regions. At least five different fields from two different tumors were analyzed for each different condition. Statistical significance (p value eval-

uated by unpaired Student’s t test) is shown. *p < 0.01, **p < 0.001, ***p < 0.0001.

(C) Model for role of immune system in eliciting oncogene addiction.

See also Figure S6.
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to induce proliferative arrest. Interestingly, cyclosporine A

seemed to inhibit proliferation during tumor progression when

MYC was still activated. This suggests, that when MYC is on,

T cells might promote tumor formation indicating the dual nature

of the immune response in cancer (de Visser et al., 2006).

Immune System Is Required for Sustained Regression
of BCR-ABL-Induced B Cell Acute Lymphocytic
Leukemia (B-ALL)
To determine if our results would generalize to another model of

hematopoietic tumorigenesis, we used a conditional transgenic

model of BCR-ABL-induced pro-B cell lymphocytic leukemia
494 Cancer Cell 18, 485–498, November 16, 2010 ª2010 Elsevier Inc
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(B-ALL) (Huettner et al., 2000). First, we determined if host

immune status influenced the ability of BCR-ABL inactivation

to induce sustained tumor regression. Similar to MYC inactiva-

tion, tumors upon BCR-ABL inactivation underwent sustained

tumor regression in wild-type hosts while 100% of the immuno-

deficient hosts relapsed within 14 days of BCR-ABL inactivation

(Figure 8A, WT versus RAG2�/�, p = 0.006). Hence, BCR-ABL

inactivation also induces sustained tumor regression only in

immune intact hosts.

Upon BCR-ABL inactivation, Ki67 expression showed a non-

significant decrease in tumors transplanted into wild-type hosts

but no change in tumors transplanted into immunodeficient
.
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hosts. Ki67 expression was higher in tumors transplanted into

immunodeficient hosts compared with those transplanted into

immune intact hosts (Figure 8B, WT BCR-ABL off versus immu-

nodeficient BCR-ABL off p = 0.03). Cellular senescence

increased upon BCR-ABL inactivation in tumors from wild-type

hosts versus immunodeficient hosts as measured by increased

SA-b-gal staining (4% versus 0.4%, p = 0.05). Finally, there

was a 3-fold increase in TSP-1 upon BCR-ABL inactivation in

tumors from immunocompetent hosts while TSP-1 expression

did not change upon BCR-ABL inactivation in immunodeficient

hosts (Figure 8B, TSP-1 panel, WT BCR-ABL on versus BCR-

ABL off, p < 0.0001; WT BCR-ABL Off versus immunodeficient

BCR-ABL Off, p = 0.0001). We were unable to measure any

significant CD31 expression in any of the tumors. Hence, BCR-

ABL inactivation also induces sustained tumor regression only

in immune intact hosts.
DISCUSSION

Oncogene addiction has been presumed to be a cell autono-

mous process. Here, we have shown that interactions between

the tumor microenvironment and the immune system are essen-

tial for sustained tumor regression upon oncogene inactivation.

In the absence of an intact immune system, we see a 10- to

1000-fold reduction in the rate, extent, and duration of tumor

regression upon MYC inactivation. The absence of CD4+

T cells alone was sufficient to markedly impede sustained tumor

regression. Thus, oncogene addiction is not necessarily cell

autonomous. CD4+ T cells may play a critical role in enabling

MYC inactivation to elicit changes in the microenvironment and

in cytokine expression that appear to be required for cellular

senescence and the shutdown of angiogenesis. TSP-1 must

be expressed by immune effectors to cooperate with MYC

inactivation to induce tumor regression. Our results generalized

to primary tumors from MYC-induced T-ALL bearing hosts that

had been treated with the immunosuppressive agent cyclo-

sporine A and a conditional transgenic model of BCR-ABL-

induced B-ALL. Oncogene inactivation generally may induce

tumor regression through immune cell-dependent mechanisms.

Our observations are consistent with a multitude of reports

that document the role of the immune system in neoplasia (de

Visser et al., 2005, 2006; Dunn et al., 2002; Soucek et al.,

2007). Tumors coevolve in the context of an intact immune

system through the process of immune editing, resulting in tumor

elimination, dormancy, or evolving to escape the immune system

and progress to full malignancy (Dunn et al., 2002; Guerra et al.,

2008; Teng et al., 2008). Upon MYC inactivation, a massive

recruitment of CD4+ T cells occurs that is associated with

marked changes in cytokine production in the tumor microenvi-

ronment leading to cellular senescence and the shutdown of

angiogenesis. TSP-1 is one of the critical chemokines. Interest-

ingly, immune effector recruitment and associated changes in

chemokines occur upon restoration of the tumor suppressor

p53 in both liver cancer (Xue et al., 2007) and upon MYC inacti-

vation in lymphoma (Giuriato et al., 2006).

Provocatively, CD4+ T cells emerged as the critical host

effector population for sustained tumor regression upon MYC

inactivation. Notably, hosts deficient in CD4+ T cells exhibited
Can
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impaired kinetics, degree and durability of tumor regression as

well as reduced senescence and suppression of angiogenesis

upon MYC inactivation. The reconstitution of CD4+ T cells into

RAG2�/� hosts alone was capable of restoring the ability of

MYC inactivation to induce sustained tumor regression. The

reconstitution of CD4+ T cells into RAG2�/� hosts had more

potent effects on tumor regression compared with the depletion

of these cells, perhaps reflecting that in hosts that are congeni-

tally defective for a specific immune compartment there

may be compensation from other immune effectors (Xing et al.,

1998).

CD4+ T cells have been previously implicated in the restraint of

tumor growth through regulation of antigen dependent mecha-

nisms involving either macrophages or cytotoxic T cells (Corthay

et al., 2005; Dranoff et al., 1993; Qin and Blankenstein, 2000).

Intriguingly, host CD4+ T cells sculpted the tumor’s response

to MYC inactivation, likely not by their modest influence upon

apoptosis or proliferation, but by dramatically inducing cellular

senescence and the shutdown of angiogenesis, processes

previously suggested by us to be integral to the ability of MYC

inactivation to effect sustained tumor regression. Two of the hall-

marks of oncogene addiction, both the induction of cellular

senescence and the suppression of angiogenesis, have been

linked to the expression of cytokines known to be expressed

by CD4+ T cells (Acosta et al., 2008; Beatty and Paterson,

2001; Kuilman et al., 2008; Muller-Hermelink et al., 2008).

Thus, CD4+ T cells are one important component of the mech-

anism of tumor regression upon oncogene inactivation. Other

host immune effectors are likely to contribute, and we recognize

that other innate and adaptive immune compartments are also

likely to be involved includingmacrophages, NK cells, mast cells,

and B cells. Recent work suggests that mast cells and macro-

phages both may be critical (Soucek et al., 2007; Xue et al.,

2007). Indeed, it is possible that CD4+ T cells are mediating

part of the effects we have observed by recruiting these effector

populations.

TSP-1 is critical for the mechanism by which host immune

effectors mediate tumor regression upon MYC inactivation.

TSP-1 is a potent cytokine that has been implicated in the regu-

lation of many cellular processes including the regulation of

angiogenesis (Jimenez et al., 2000; Kazerounian et al., 2008;

Lawler, 2000; Short et al., 2005; Zaslavsky et al., 2010). Further-

more, TSP-1 also has been suggested to regulate lymphocyte

homing and function (Li et al., 2006) and appears to be required

for the ability of CD4+ T cells to contribute to sustained regres-

sion upon oncogene inactivation.

Additionally, other cytokines including eotaxin-1, IL-5, IFN-g

and TNF-a are possible candidates for mediating the changes

in cellular senescence and angiogenesis uponMYC inactivation,

consistent with reports that these chemokines may be involved

in these processes (Beatty and Paterson, 2001; Beyne-Rauzy

et al., 2004). The downregulation of other cytokines such as

VEGF, IL-1b, and MCP-1 could also contribute (Kowanetz and

Ferrara, 2006; Shchors et al., 2006; Su et al., 2010). IFN-g and

TNF-a have been previously implicated in the regulation of

cellular quiescence and angiogenesis (Beatty and Paterson,

2001; Beyne-Rauzy et al., 2004; Kuilman et al., 2008; Muller-Her-

melink et al., 2008), and eotaxin-1 and IL-5 have demonstrated

potent antitumor activity in numerous mouse models of cancer
cer Cell 18, 485–498, November 16, 2010 ª2010 Elsevier Inc. 495
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(Simson et al., 2007). Notably, tumor regression induced by the

restoration of p53 expression was also associated with marked

changes in chemokine expression (Xue et al., 2007).

In primary transgenic tumor hosts, an immune compromised

state induced via treatment with cyclosporine A greatly impeded

the consequences of oncogene inactivation. Therefore, our

results generalize in the case when endogenous tumor-host

interactions evolved throughout tumorigenesis. Cyclosporine A

treatment is well known to increase the frequency of hematolog-

ical malignancies in patients (Cockburn and Krupp, 1989; Opelz

and Dohler, 2004). Hence, this agent may impede sensitivity to

oncogene-directed therapies.

An immune intact host was also found to be required for BCR-

ABL inactivation to induce sustained tumor regression in B-ALL.

Similar to MYC inactivation, inactivation of the BCR-ABL onco-

gene resulted in the induction of cellular senescence, the shut-

down of tumor angiogenesis, and ultimately sustained tumor

regression only in the presence of the host immune system.

However, different fromMYC inactivation,BCR-ABL inactivation

appeared to be less capable of suppressing cellular proliferation.

Hence, the host immune system appears to be generally impor-

tant in mediating the consequences of oncogene inactivation.

Thus, oncogene addiction is a consequence of both cell

autonomous processes such as proliferative arrest and

apoptosis as well as host-immune-dependent mechanisms

such as cellular senescence and angiogenesis (Figure 8C).

Upon oncogene inactivation, tumor cells are eliminated primarily

in a cell autonomous manner. However, the kinetics of tumor cell

elimination and the extent of tumor elimination, or minimal

residual disease, as well as the durability of sustained tumor

regression are all dictated by the presence of an immune system

and appear to be strongly associated with its ability to elicit

cellular senescence and shut down angiogenesis. These

processes may contribute to the constraint of minimal residual

disease (Aguirre-Ghiso, 2007). CD4+ T cells are a critical compo-

nent to this phenomenon and TSP-1 emerges as a possible

cytokine regulating these processes. Other immune effectors

and chemokines/cytokines (including IFN-g, eotaxin-1, IL-5,

TNF-a, and MCP-1) are likely to be involved. Immune cells and

inflammation can be important to the pathogenesis of cancer

throughmany effects on the tumor microenvironment (Coussens

and Werb, 2002; Greten and Karin, 2004; Xue et al., 2007).

In general, the deficiency in CD4+ T cells may render the treat-

ment of tumors in patients less efficacious and impede the

complete elimination of tumor cells. Indeed, AIDS patients

exhibit not only a more than 100-fold increased frequency of

lymphomas often associated with MYC overexpression but are

much less responsive to therapy (Boshoff and Weiss, 2002;

Carbone, 2003). Hence, CD4+ T cells may contribute to the effi-

cacy of therapeutic agents.

Our results suggest that screening methods used to identify

therapies that rely on the in vitro study of cell lines or in vivo

analysis of xenograft models in immune compromised hosts

may underestimate the efficacy of a therapy by failing to faithfully

recapitulate tumor-host interactions (Ronnov-Jessen and Bis-

sell, 2009; Weigelt and Bissell, 2008). Moreover, the active

modulation of CD4+ T cell function may enhance the efficacy

of therapeutics for cancer (Gattinoni et al., 2006; Lake and

Robinson, 2005). Thus, a combination of targeted oncogene
496 Cancer Cell 18, 485–498, November 16, 2010 ª2010 Elsevier Inc
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inactivation with immunotherapy may be a particularly effica-

cious anticancer therapy.

EXPERIMENTAL PROCEDURES

Transgenic Mice

The generation and characterization of Tet system transgenic lines for condi-

tional expression of MYC, have been described (Felsher and Bishop, 1999).

CD4�/�, CD8�/�, CD4�/�CD8�/�, and RAG2�/� mice were generously pro-

vided in the FVB/N background by Lisa Coussens (University of California,

San Francisco). TSP-1,2�/� mice were generously provided by Ben Barres

(Stanford University). Luciferase+L2G85 mice were generously provided by

Robert Negrin (Stanford University). Tet-o-BCR-ABL mice were generously

provided by Daniel Tenen (Harvard University). Genotyping was performed

by PCR on genomic DNA from tails. All animal experiments were approved

by Stanford’s Administrative Panel on Laboratory Animal Care (APLAC) and

in accordance with institutional and national guidelines.

Tumor Surveillance and Tumorigenicity Assays

Mice that were moribund with tumor were either humanely euthanized or

treated with doxycycline in their drinking water (100 mg/ml) to follow tumor

regression and relapse. Statistical comparison of Kaplan-Meier curves is

based on the log-rank test. Further details can be found in Supplementary

Experiemental Procedures.

Reconstitution of RAG2–/– mice

RAG2�/�mice were injected intravenously (i.v.) with either (1) 203 106 spleno-

cytes from WT or TSP-1,2�/� mice or (2) 4X106 CD4+ or CD8+ T cells isolated

from spleens and lymph nodes of WT mice using magnetically activated cell

sorting (MACS). Eight days post reconstitution, mice were bled from the tail

vein and CD4+ and CD8+ T cell reconstitution was verified using FACS.

In Vivo Bioluminescence Imaging

Mice with tumors were anesthetized with a combination of inhaled isoflorane/

oxygen delivered by the Xenogen XGI-8 5-port Gas Anaesthesia System. The

substrate d-luciferin (150 mg/kg) was injected into the animal’s peritoneal

cavity 10 min before imaging. Animals were then placed into a light-tight

chamber and imaged with an IVIS-200 cooled CCD camera (Xenogen,

Alameda, CA) (Contag et al., 1997). Living Image was used to collect, archive,

and analyze photon fluxes and transform them into pseudocolor images by

using Living Image software (Xenogen). At least five mice per group were

injected with tumors expressing luciferase.

Luminex Cytokine Assay

The concentration of 21 cytokines was measured from tumor tissue lysates

fromWT and RAG2�/� mice at tumor onset and 4 days afterMYC inactivation.

Concentrations were measured using Luminex xMAP technology. Data were

obtained asmean fluorescence intensity based on a standard curve generated

for each cytokine. Further details can be found in Supplementary Experiemen-

tal Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and six figures and can be found online at doi:10.1016/j.ccr.2010.10.002.
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a  b  s  t  r  a  c  t

In  a  Phase  I/II  clinical  trial,  13  higher  risk  red  blood  cell-dependent  myelodysplastic  syndrome  (MDS)
patients  unresponsive  to  hypomethylating  therapy  were  treated  with  the  multikinase  inhibitor  ON
01910.Na.  Responses  occurred  in  all  morphologic,  prognostic  risk  and  cytogenetic  subgroups,  including
four  patients  with  marrow  complete  responses  among  eight  with  stable  disease,  associated  with  good
drug  tolerance.  In  a subset  of patients,  a novel  nanoscale  immunoassay  showed  substantially  decreased
AKT2  phosphorylation  in  CD34+  marrow  cells  from  patients  responding  to therapy  but  not  those  who  pro-
gressed  on  therapy.  These  data  demonstrate  encouraging  efficacy  and  drug  tolerance  with  ON  01910.Na
treatment  of  higher  risk  MDS  patients.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The myelodysplastic syndromes (MDS) are a heterogenous
spectrum of diseases with disparate clinical manifestations and
outcomes. Based on the International Prognostic Scoring System
(IPSS) risk categorization, patients are stratified into risk dis-
ease regarding their potential for survival or progression to acute
myeloid leukemia (AML) with IPSS Intermediate-2 and High risk
patients being at higher risk for poor clinical outcomes [1].

Upon  patients’ progression to higher risk disease, therapies
aimed at altering disease natural history have been used [2–4]. For
patients eligible for high intensity therapy, allogeneic hematopoi-
etic stem cell transplantation (HSCT) is considered. However,
for the majority of patients lacking a suitable donor or inel-
igible for high intensity therapy, lower intensity treatments
with hypomethylating therapy using the DNA methyltransferase
inhibitors (DNMTIs) 5-azacitidine or decitabine have been used for
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E-mail  address: peterg@stanford.edu (P.L. Greenberg).

treatment [3,4]. Although these lower intensity therapies have been
beneficial for a portion of these MDS patients, patients may lack
responsiveness or relapse after initial response.

For patients who have not responded to or have progressed
after an initial response to DNMTIs and are not HSCT candidates,
therapeutic options are generally limited to investigational thera-
pies, in addition to supportive care. These patients have relatively
short survival (4.3–5.6-month medians) and a high risk of leukemic
transformation [5,6]. These patients, in general, are also poor can-
didates for other therapies due to advanced age or significant
co-morbidities.

A number of compounds have been investigated in an attempt
to improve treatment options for this subset of patients who
have failed or are resistant to hypomethylating agent treatment.
One such strategy is to therapeutically target cell cycle regula-
tors, as altered cell cycle is a central feature of human malignancy
and dysfunctional signaling in tumors ultimately affects cell cycle
progression. Cell cycle progression is coordinated by cyclin/cyclin-
dependent kinase (CDK) complexes and CDK inhibitors. Kinase
activation generates phosphorylation cascades and mitotic spindle
formation.

ON 01910.Na is a styryl sulfone mitotic and multikinase
inhibitor which inhibits Polo-1 kinase (Plk1), phosphatidyl inositol-
3 (PI3) kinase, AKT and mitogen activated kinase (MAPK) pathways
[7–9]. The drug inhibits cell cycle progression, as well as

0145-2126/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.leukres.2011.08.022
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synergizing with cytotoxic drugs, selectively inducing mitotic
arrest and apoptosis of cancer cells (including human lymphoma
cells), while being relatively non-toxic for normal cells, mediated
via the PI3, mammalian target of rapamycin (mTOR) and AKT path-
ways [7–9]. These effects lead to tumor regression in in vivo animal
models [10]. In addition, Plk1 is a critical cell cycle kinase which
affects mitotic progression, spindle assembly and centrosome mat-
uration [11]. Its inhibition leads to mitotic arrest and apoptosis [12].
Conversely, its ectopic over-expression leads to neoplastic progres-
sion [13]. Increased expression of Plk1 is noted in many human
tumors, including leukemia [14].

In Phase I/II studies ON 01910.Na has shown promising thera-
peutic results and drug tolerance in patients with advanced solid
tumors [15,16], as well as in pilot in vitro and in vivo studies of
MDS pts, including those with trisomy 8 [17–19]. Correlative inves-
tigations have demonstrated that ON 01910.Na inhibited cyclin D1
accumulation and was selectively toxic to trisomy 8 cells while pro-
moting maturation of diploid cells in CD34+ cells of trisomy 8 MDS
patients treated with this drug [17–19].

With this background we designed a Phase I/II trial to evalu-
ate the safety and potential efficacy of ON 01910.Na in higher risk
MDS patients whose disease had not responded to hypomethy-
lating agents. As ON 01910.Na is a kinase inhibitor, we measured
the changes in intracellular AKT signaling as an exploratory bio-
logic correlative adjunct for our study. The PI3K/AKT signaling
pathway is essential for different physiological processes of cell
growth, survival and suppression of apoptosis, and its constitu-
tive activation has been implicated in the pathogenesis as well
as the progression of a wide variety of neoplasias, including AML
and MDS [20–22]. A novel and highly sensitive nano-fluidic pro-
teomic immunoassay method (NIA) has recently been developed to
quantify changes in phosphorylated protein isoforms in MDS and
other tumor specimens [23,24]. We utilized this detection method
to investigate oncoprotein expression and phosphorylation in our
patients’ marrow samples, assessing CD34+ marrow intracellular
AKT2 phosphorylation, a biomarker of apoptotic and cell cycle sig-
naling [25], pre- and post-treatment.

2. Patients and methods

The  objectives of this Phase I/II study were to evaluate the efficacy and safety of
ON 01910.Na treatment in achieving marrow responses or hematological improve-
ment  (HI) in patients with trisomy 8 cytogenetics or those classified as IPSS
Intermediate-1,  Intermediate-2 or High risk whose disease had failed to respond
to  at least 4 cycles of hypomethylating agents or were intolerant of these drugs. All
patients had been unresponsive to a median of six cycles (range 4–13) of hypomethy-
lating  agent therapy (6 post-azacytidine, 6 post-decitabine, and 1 patient treated
with  both agents). In addition, at baseline, all patients were red blood cell (RBC)
transfusion-dependent. All patients had reviewed and signed informed consent
forms  according to the guidelines of the Stanford Investigational Review Board prior
to their entry into the trial.

The  patients (9 males, 4 females) had IPSS Intermediate-1 (n = 4), Intermediate-2
(n  = 2) and High (n = 7) risk MDS subtypes and the cohort was comprised of patients
with  RAEB-1 (5 patients), RAEB-2 (4 patients) and RAEB-T (4 patients), with a median
age of 75 years (range 65–86) and 1.5-year median (range 0.5–4.6) prior duration
of  MDS. Their cytogenetic profile included 6 patients with normal cytogenetics and
7 with abnormal cytogenetics (5 with trisomy 8 and 1 complex). This was a higher
risk  patient cohort, with nine of the 13 patients being IPSS Intermediate-2 or High
at study entry. As the four Intermediate-1 patients were RBC transfusion dependent
and  had failed to respond to hypomethylating agents (after prior first line therapy),
they  were thus in a higher risk status than Intermediate-1 patients who would have
been seen at their time of diagnosis.

Patients were required to have at least one clinically significant cytopenia and
to  have a baseline serum creatinine of <2 mg/dL and AST/ALT less than twice the
upper limit of normal. They could not have received treatment with standard MDS
therapies or investigational therapy within 4 weeks of starting ON 01910.Na.

The planned total study duration was 33 weeks, which included a 2-week
screening  phase, a 27-week dosing phase, and a 4-week follow-up phase that began
after the last dose of ON 01910.Na. Beginning at week 4, patients were assessed for
response. Marrow exams were performed at baseline, and after the first, third, fifth
and seventh cycles, and at other times as clinically indicated.

Prior dosing regimens for the drug in MDS have ranged from 800 to
1500  mg/m2/day for 2 days weekly for 3 out of 4 weeks or from 650 to
1700  mg/m2/day for 3–6 days every 2 weeks as an continuous intravenous infu-
sion  (CIVI) [19,26]. The initial two patients received ON 01910.Na at a dose of
800 mg/m2/day CIVI × 2 days/week × 3 weeks/month cycle. However, subsequent
clinical  data (Onconova Investigator’s Brochure, January 25, 2010) led to recommen-
dations  to alter the treatment regimen, wherein the remaining 11 patients received
the drug at a dose of 1800 mg/day CIVI × 3 days every 2 weeks/month cycle for the
first  2 months, then monthly. These treatments were given in monthly cycles for a
planned seven-month course of treatment.

ON 01910.Na (rigosertib) was supplied by Onconova Therapeutics Inc., New-
town, PA, as a sterile, concentrated solution in labeled, sealed glass vials stored at
2–8 ◦C. Just prior to dosing, the ON 01910.Na concentrate was diluted with aque-
ous  infusion solution. Reconstituted ON 01910.Na was kept at room temperature
and  drug administration was started within 2 h of reconstitution via an infusion
set  with an in-line 1.2 !m filter. Infusion bags were changed every 24 h and a new
infusion  bag was administered for each of the following 24 h until completion of
the total infusion time. The therapy was provided to patients as outpatients with
drug placed in a portable infusion set, with their daily return to the nursing unit
for changing the infusion bags and stopping the infusion at the end of the 3-day
treatment.

2.1.  Statistical methods

The  response rates and the bone marrow blast and hematopoietic response
(hematologic  improvement, HI-E, HI, N, HI-P) rates were determined according
to  International Working Group (IWG) 2006 criteria [27]. Overall survival was
estimated  using the Kaplan–Meier method. Analysis of the primary efficacy end-
points and safety and toxicity features were performed on all enrolled patients who
received at least one dose of ON 01910.Na.

2.2. Biologic correlative studies

2.2.1.  Cell separation
For biologic correlative studies, aliquots of marrow samples obtained

from  patients pre- and post-treatment were enriched for CD34+ cells, as
previously  described [28]. The CD34+ marrow cell suspensions were stored
frozen  in heat-inactivated fetal bovine serum plus 10% dimethylsulfox-
ide  in liquid nitrogen, were thawed at 37 ◦C into pre-warmed phosphate
buffered  saline (PBS) and washed once in PBS immediately before NIA
analysis.

2.2.2.  Nano-fluidic proteomic immunoassay (NIA)
The NIA experiments were performed using a Nanopro1000 instrument

(Cell  Biosciences, Santa Clara, CA) [29] as previously described [23]. Total
AKT2  protein expression and its various phosphorylated isoforms were detected
using  a rabbit polyclonal antibody that recognizes mouse and human AKT2
(Cell  Signaling Technology Inc., Boston, MA, #3063). NIA is able to quan-
tify  phosphorylated and unphosphorylated isoforms of signaling proteins
in  a sample, using a single antibody that recognizes all isoforms of the
protein.  Therefore, changes in relative phosphorylation of a protein can
be  measured. Quantitation of AKT2 phosphorylated and unphosphorylated
protein peaks was performed using Compass (version 1.8.0) analysis soft-
ware,  using Gaussian peaks with variable widths, as previously described
[23].

3. Results

3.1. Clinical responses

Thirteen  patients were entered into the study and all were
evaluable for efficacy and toxicity (Table 1). Patients received a
median of six cycles (range 2–7) of treatment, with five patients
completing the planned 7 cycles. Responses according to IWG 2006
criteria were: Partial response (1), stable disease (SD) 8, includ-
ing 2 with transient (2 months) hematologic improvement (HI) (2;
1 HI-E, N, 1 HI-P, N) (#111, 112), and 4 with marrow complete
responses (CRs) (Tables 1 and 2). The patients with marrow CRs had
survivals of 5–17+ months. Five patients had progressive disease
(PD), including 4 who transformed to AML while on trial. Overall
survival from time of study entry was 10 months median (range
3–17) (Fig. 1); three patients remain alive, with a median time of
14 months (Table 2). Responses occurred in all FAB, IPSS and cyto-
genetic subgroups. Of the five patients with trisomy 8, two with
stable disease (#101, 104) demonstrated a decrease in proportion
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Table  1
Clinical status, treatment and responses of individual MDS patients to ON 01910.Na.

Patient Age/gender Modified FAB IPSS category Treatment cycles, number Marrow response Developed AML Survival (months)

101 80M RAEB-T Highh 7 SD 17
102 74M RAEB-2 Int-2 3a SD 11
103 73M RAEB-1 Int-1 7 SD 10
104  77M RAEB-1 Int-2h 7 SD (mCR) 8
105 66M RAEB-1 Int-1 1b SD (mCR) 13+
106  78M RAEB-2 High 1c PD Yes 4
108  65F RAEB-1 Int-1 7 SD (mCR) 17+
110  76M RAEB-T High 7 SD (PR) 8
111 86M RAEB-T High 5a SDf → PD 12
112  81F RAEB-2 Highh 5d SDg → PD 14+
117 75F RAEB-2 Highh 3c,e PD skin (mCR) Yes 5
121  80M RAEB-T Highh 1c PD Yes 3
122  76F RAEB-1 Int-1 5c SD → PD Yes 8

Modified FAB includes RAEB-1, RAEB-2 as defined by the WHO classification. RAEB, refractory anemia with excess blasts, RAEB-T, refractory anemia with excess blasts in
transformation; Int, intermediate; SD, stable disease; PD, progressive disease; mCR, marrow complete response; PR, partial response.
Survival measured from time of study entry.

a Discontinued treatment due to infection related to refractory neutropenia.
b Discontinued treatment due to severe dysuria.
c Discontinued treatment due to PD (AML).
d Discontinued treatment due to PD (RAEBT).
e Discontinued treatment due to leukemia cutis despite marrow CR; overt AML 1 month later

Hematologic responses:
f Transient hematologic improvement-erythroid, neutrophils (HI-E,N).
g Transient hematologic improvement-neutrophils, platelets (HI-N,P).
h Trisomy 8 cytogenetics.

Table  2
Responses to therapy with ON 01910.Na related to baseline clinical features.

Patients Stable disease Marrow complete response Progressive disease Survival (months)

Modified FAB morphologic subgroup
RAEB-1 5 4 3 1 10 [8, 8, 10, 13+, 17+]
RAEB-2 4 2  1 2 8 [4, 5, 11, 14+]
RAEB-T  4 2 (1PR) 0 2 10 [3, 8, 12, 17]

IPSS  category
Intermediate-1 4 3 2 1 11.5 [8, 10, 13+, 17+]
Intermediate-2  2 1 1 1 9.5 [8, 11]
High  7 4 (1PR) 1 3 8 [3, 4, 5, 8, 12, 14+, 17]

All patients 13 8 4 5 10 [3–17]

Modified FAB includes RAEB-1, RAEB-2 as defined by the WHO classification. PR, partial response.

of trisomy 8 marrow cells from 65% to 15% and 80% to 13% after
treatment, whereas the three remaining patients with PD had no
such decrements. No other cytogenetic responses were noted in the
two other pts with abnormal cytogenetics.

Fig. 1. Overall survival of patients treated with ON 01910.Na from the onset of start
of study drug therapy (Kaplan–Meier curve).

3.2. Side effects

Grade  3/4 non-hematologic drug-related or possibly related
toxicities occurred in 4 patients: 1 diarrhea, 1 dysuria, 1 fatigue,
1 epistaxis; two patients had pulmonary infections unrelated to
study drug. Five patients were able to complete all 7 cycles of treat-
ment. Per protocol guidelines, 5 patients discontinued treatment
due to disease progression (4 to AML, 1 to RAEBT) (Table 1). One
patient stopped therapy due to drug toxicity (severe dysuria) and
two patients had treatment stopped due to infection related to their
underlying neutropenias.

3.3.  Biologic analyses

Using  NIA, we analyzed intracellular phosphorylation of AKT2
and its isoforms in CD34+ marrow cells from five patients. The
assays were performed to compare signaling at baseline and
after initiating ON 01910.Na treatment (Table 3). In three respon-
ders, AKT2 phosphorylation substantially decreased by 12–19%
following cycle 1. In contrast, in two patients who progressed
on treatment, AKT 2 phosphorylation decreased by only 2% or
increased by 19% post therapy. NIA is able to measure changes in
different phosphorylated states of AKT2 (22,23,29); thus, we were
able to further resolve changes in AKT2 phosphorylation into dis-
tinct phosphorylated states (Fig. 2). Interestingly, the decrease in
overall phosphorylation was predominantly due to a decrease in
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Fig. 2. Treatment effects of ON 01910.Na on AKT2 phosphorylation using nanoimmunoassay (NIA) analysis: decreased phosphorylation in CD34+ marrow cells in (a) a
responding MDS patient (#101) with stable disease, (b) in a responding patient (#104) with marrow complete response, and (c) in a nonresponder (#111) whose disease
progressed on treatment.
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Table  3
Nanoimmunoassay (NIA) quantification of AKT2 isoforms in CD34+ bone marrow
cells  from MDS patients treated with ON 01910.Na.

Patients Clinical response % change in
phospho-AKT2
levelsa

% change in
phospho-AKT2
isoform  3 levelsa

101 Stable disease 19% decrease 22% decrease
104 Marrow CR 15% decrease 36% decrease
105 Marrow CR 12% decrease 25% decrease
111 Progressive disease 2%  decrease 10% decrease
121 Progressive disease 18%  increase 22% increase

a Percentage (%) change following cycle 1 compared to pretreatment, except for
patient 111, who was evaluated post cycle 5 at time of disease progression.

phosphorylated AKT2 isoform 3, by 22–36% in each of the three
responders, whereas it either decreased only 10% or increased 22%
in two non-responders whose disease progressed (Table 3). In these
patients, assays performed at sequential time points up to seven
cycles of treatment showed similar changes as those found follow-
ing cycle 1.

4.  Discussion

Based on our study, ON 01910.Na appears to be active in
patients with higher risk MDS who have failed to respond to
hypomethylating agent therapy. A high degree of stable dis-
ease was achieved in the patients during their treatment period.
Transient marrow CRs occurred in four patients. The drug was
tolerated relatively well with few adverse effects. As hemato-
logic toxicity was uncommon in these previously heavily treated
patients despite decreasing marrow blastic proliferation, this sug-
gests that the drug had limited negative effects on the patients’
residual hematopoietic reserve. Although responsiveness was
noted frequently in either the stabilization or improvement of
marrow blasts, there was little improvement in hematologic
parameters. Responses occurred in all FAB, IPSS and cytogenetic
subgroups. The median 10-month survival from time of study
entry compares favorably with the 4.3–5.6-month medians previ-
ously reported in higher risk MDS patients whose disease failed
to respond to hypomethylating agents [5,6]. Effective clinical
responses have been seen with this drug in other advanced human
neoplasms [16,17].

Most  current methods of protein detection are insensitive to
detecting subtle changes in oncoprotein activation that under-
lie critical hematopoietic signaling processes. The requirement for
large numbers of cells precludes serial cell sampling for assessing
a response to therapeutics. Thus, in order to accurately measure
oncoprotein expression and activation in our marrow specimens,
we utilized the nano-fluidic proteomic immunoassay detection
method (NIA) [23]. This method separates proteins by isoelectric
focusing, followed by antibody detection of specific epitopes with
chemiluminescence and quantifies total and low abundance pro-
tein isoforms. It has also previously been shown to measure changes
in the expression and activation of a variety of other onco/signaling
proteins with high accuracy and sensitivity in preclinical and clin-
ical specimens of hematopoietic malignancies, before and during
treatment [23,29,30].

The  serine/threonine kinase AKT functions as a critical mediator
of signaling downstream of PI3 kinase and is essential for different
physiological processes. Its constitutive activation has been impli-
cated in the pathogenesis and the progression of a wide variety
of neoplasias, including MDS and AML [20–22]. Protein and mRNA
levels of the Akt2 isoform increase with the pathological grade of
malignant gliomas and its down-regulation induced apoptosis in a
variety of tumor cells [31]. Our NIA analysis of bone marrow cells
sampled before and after ON 01910.Na treatment demonstrated

substantially decreased AKT2 phosphorylation of marrow CD34+
cells in the three MDS patients assayed who responded to treat-
ment, whereas in two patients who did not respond and whose
disease progressed, there was no decrease (or Ševen  an increase).
Notably, NIA resolved different phosphorylated isoforms of AKT2,
and uncovered a decrease in responders in phosphorylation pre-
dominantly occurring in isoform 3. These findings are of interest
as AKT signaling, including that for AKT2, is a critical pathway for
metabolic signaling, protection against tumor cell apoptosis, can-
cer cell invasion and chemoresistance in AML [25,31–33]. Altered
levels of AKT2 phosphorylation, particularly for isoform 3, may
correlate with response to ON 01910.Na. Extension of these prelim-
inary studies are needed to determine whether the changes in AKT2
isoform 3 may be useful to provide a potential surrogate biologic
marker for responsiveness to ON 01910.Na therapy.

In summary, the responsiveness, median survival and drug tol-
erance of these higher risk MDS patients to ON 01910.Na are
encouraging. However, a randomized Phase III clinical trial is
required to clarify the potential survival advantage and for decreas-
ing AML progression of this therapy in such patients, particularly
those whose disease failed to respond to hypomethylating agents.
Such a Phase III trial is now underway, based in part on results of
this study. Use of surrogate biomarker correlates such as NIA of
intracellular phosphorylation of relevant signaling proteins should
prove useful for determining drug mechanism of action and for
patient evaluation and selection on therapeutic trials with this and
other kinase inhibitors.
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Figure 1: Identification of AKT2 Phospho-isoforms in TF1 Cells 
(Phosphatase Treatment). The TF1 cells were pelleted and snap 
frozen in liquid N2 and kept in -80°C until use.  The cell pellet was 
lysed with MPER buffer containing protease inhibitors. The protein 
amount was measured with BCA kit. The same amount of protein 
from each cell lysate was incubated with CIP at 37°C for certain 
time.  subjected for NIA analyses.  
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Figure 2: Identification of CDC2 Phospho-isoforms in TF1 Cells 
(Profile Alignment between pCDC2 Antibody and CDC2 Antibody). 
The TF1 cells were pelleted and snap frozen in liquid N2 and kept in 
-80°C until use.  The cell pellet was lysed with MPER buffer containing 
phosphatase and protease inhibitors. The protein amount was 
measured with BCA kit.  The same amount of protein from each cell 
lysate was subjected for NIA analyses.  
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Figure 3: 24 Hour Treatment of ON01910.Na (0.3µM) Starts Cell 
Cycling Arrest and Apoptosis in TF1 Cells (PI Staining). TF1 cells 
were grown in RPMI medium containing 10% fetal bovine serum and 
GM-CSF.  Cells were treated with 0.3 µM ON01910.Na (active form), 
ON019911.Na (inactive form), or DMSO.  Cells were collected and 
fixed for promidium iodide (PI) staining at various time points of the 
treatments.  One million fixed cells were used for PI staining FACS 
analysis. 
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Figure 4: 24 Hour Treatment of ON01910.Na (0.3µM) Starts Cell 
Cycling Apoptosis in TF1 Cells (Annex V Staining). TF1 cells 
were grown in RPMI medium containing 10% fetal bovine serum and 
GM-CSF.  Cells were treated with 0.3 µM ON01910.Na (active form), 
ON019911.Na (inactive form), or DMSO.  Cells were collected and 
fixed for Annex V staining at various time points of the treatments.  
One million fixed cells were used for Annexin V staining FACS 
analysis. 
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Figure 5: Bar Graph Shows qPCR Validation of AutoChIP 
Enrichment.  Enrichment for H3K4me3 is quite high, with Odc1 e-
box signal being ~5-6 times that of the upstream control region. 
Enrichment for Myc is relative lower, but still enriched considering 
that the background noise from both the Odc1 upstream control and 
the FLAG control are low.  
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Figure 6: There Are No Specific Distribution Patterns for Basal 
Levels of pAKT2, AKT2 Isoform 3, pCDC2, and pMEK1 in CD34+ 
Bone Marrow Cells between MDS Patients and Normal Bone 
Marrow Donors.  Heat map was generated from NIA data with R64 
program. 
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Figure 7: Heat Map Reveals A Correlation between Changes of 
pAKT2, pAKT2-isoform 3, pCDC2, and pMEK1 of Five Patients and 
Their Clinical Responses.  Heat map was generated from NIA data 
with R64 program. Fold changes of peak area%.  Scaled by column: 
mean=0, STD=1. 
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Figure 8: Bone Marrow Specimen Processing Conditions.  This 
scheme shows different processing and storage conditions to purify 
CD34+ cells from patient bone marrow samples. 
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Figure 9: Bone Marrow Can Be Stored Overnight at 4°C Prior to 
CD34+ Cell Isolation for NIA Analysis.  Mononuclear	
  cells	
  [MNC]	
  are	
  
isolated	
  from	
  whole	
  bone	
  marrow	
  (BM)	
  with	
  a	
  ficoll	
  gradient,	
  then	
  CD34+	
  
cells	
  are	
  isolated	
  using	
  magneHc	
  beads.	
  (a)	
  All	
  steps	
  occurred	
  immediately	
  
aKer	
   collecHon,	
   (b)	
   BM	
  was	
   stored	
   overnight	
   at	
   4o	
   C,	
   then	
   the	
   next	
   day,	
  
MNCs	
   were	
   isolated,	
   followed	
   by	
   CD34+	
   cell	
   isolaHon,	
   or	
   (c)	
   MNC	
   were	
  
isolated	
  immediately,	
  then	
  stored	
  overnight	
  at	
  4o	
  C,	
  then	
  CD34+	
  cells	
  were	
  
isolated	
  the	
  next	
  day. 
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Table 1.  List of MYC target genes identified from 
H3K4me3 AutoChIP-seq.  
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Table 1.  List of MYC target genes identified from 
H3K4me3 AutoChIP-seq (continued).  
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Table 2.  There are no big differences in basal levels of 
pAKT2, pAKT2 isoform 3, pMEK1 and pCDC2 between 
MDS patients and Normal Marrow donors. 

Patients Clinical 
status 

% of 
pAKT2 
levels 

% of pAKT2 
isoform 3 

levels 

% of pMEK1 
levels 

% of pCDC2 
levels 

AF1 Normal 70.5 45.6 64.4 45.4 

AF2 Normal 47.9 37.7 86.0 74.1 

AF3 Normal 44.1 35.1 63.1 51.8 

101 MDS 63.3 36.4 63.3 71.7 

104 MDS 84.0 42.6 35.2 50.2 

105 MDS 73.9 52.5 87.8 80.7 

111 MDS 74.0 55.7 50.1 7.4 

121 MDS 71.9 47.6 51.6 NA 
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Patients Clinical 
response 

% change 
in pAKT2 

levels 

% change in 
pAKT2 

isoform 3 
levels 

% change 
in pMEK1 

levels 

% change in 
pCDC2 
levels 

101 Stable 
disease 

19% 
decrease 

22% 
decrease 

7% 
increase 

14% 
increase 

104 Marrow CR 15% 
decrease 

36% 
decrease 

47% 
decrease 

133% 
increase 

105 Marrow CR 12% 
decrease 

25% 
decrease 

21% 
decrease 

48% 
decrease 

111 Progressive 
disease 

2% 
decrease 

10% 
decrease 

9% 
increase 

922% 
increase 

121 Progressive 
disease 

18% 
increase 

22% 
increase 

20% 
increase 

NA 

Table 3.  Changes of pAKT2, pAKT2 isoform 3, pMEK1 and 
pCDC2 are correlated to clinical outcomes 
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