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Mantle cell lymphoma (MCL) is an especially aggressive and
highly heterogeneous mature B-cell lymphoma. Heat shock
protein 90 (HSP90) is considered an attractive therapeutic
target in a variety of cancers, including MCL, but no HSP90
inhibitors have succeeded in the clinical trials to date.
Exploring fine mechanisms of HSP90 inhibition in cancer cells
may shed light on novel therapeutic strategies. Here, we found
that HSP90 knockdown and continuous inhibition with gane-
tespib inhibited growth of MCL cells in vitro and in vivo. To
our surprise, transient exposure over 12 h was almost as effi-
cient as continuous exposure, and treatment with ganetespib
for 12 h efficiently inhibited growth and induced G1 cell cycle
arrest and apoptosis of MCL cells. Transcriptome analysis
complemented by functional studies was performed to define
critical MCL signaling pathways that are exceptionally sensitive
to HSP90 inhibition and vital to cell fate. Six genes (cell divi-
sion cycle 6, cell division cycle 45, minichromosome mainte-
nance 4, minichromosome maintenance 7, RecQ-mediated
genome instability 2, and DNA primase polypeptide 1) involved
in DNA replication and repair were identified as consistently
downregulated in three MCL cell lines after transient gane-
tespib treatment. E2F1, an important transcription factor
essential for cell cycle progression, was identified as a gane-
tespib target mediating transcriptional downregulation of these
six genes, and its stability was also demonstrated to be main-
tained by HSP90. This study identifies E2F1 as a novel client
protein of HSP90 that is very sensitive and worthy of targeting
and also finds that HSP90 inhibitors may be useful in combi-
nation therapies for MCL.

Mantle cell lymphoma (MCL) is a distinct and highly het-
erogeneous mature B-cell lymphoma characterized by aberrant
expression of cyclin D1 (1), which represents about 3 to 10% of
non-Hodgkin’s lymphoma (2). Most patients with MCL are
diagnosed at stage III to IV with symptoms, including
lymphadenopathy, hepatosplenomegaly, bone marrow
involvement, and leukemic spread. Despite impressive ad-
vances in the clinical outcomes of other types of lymphoma,
MCL is still considered as an aggressive and incurable
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lymphoma with a median survival of 5 to 7 years (3). There-
fore, there is an urgent need for discovery of novel effective
treatments against MCL.

Heat shock protein 90 (HSP90) was an attractive thera-
peutic target in a variety of cancers including lymphomas
(4–8). As an ATP-dependent molecular chaperone, HSP90
supports proper folding, stabilizes conformation, and aids in
the degradation of myriad proteins (9, 10). Importantly,
HSP90 was demonstrated to be moderately or strongly
expressed in subsets of patients with non-Hodgkin’s lym-
phoma, including MCL (11). Colomer et al. (12) demon-
strated that the HSP90 inhibitor IPI-504 overcame
bortezomib resistance in MCL in part by downregulating the
prosurvival chaperone Grp78 (78 kDa glucose-regulated
protein). More recently, Jacobson et al. (13) have reported
that HSP90 inhibition with AUY922 overcame ibrutinib
resistance in MCL cell lines by inducing the complete
degradation of both Bruton’s tyrosine kinase (BTK) and IκB
kinase α. These studies nominated HSP90 inhibitors as
promising drugs for bortezomib or ibrutinib-based combi-
nation therapy against MCL. However, in the context of the
broad range of HSP90 client proteins, these studies did not
thoroughly profile the roles of HSP90 in MCL.

Ganetespib (STA-9090) is a well-characterized second-
generation HSP90 inhibitor that eliminates much toxicity of
earlier agents and showed favorable potent anticancer activ-
ities against a variety of tumor types and tolerability (14–16).
Ganetespib was successfully applied preclinically and in early
clinical trials as the single agent in client protein-derived tu-
mors, such as non–small-cell lung cancer with anaplastic
lymphoma kinase (ALK) translocations, human epidermal
growth factor receptor 2–overexpressing breast cancer, and
other cancers (15). Ganetespib has also been demonstrated to
increase the efficacy of standard-of-care chemotherapeutics
and targeted agents in diverse cancers, providing compelling
rationales for the exploration of ganetespib as part of novel
combinatorial treatment strategies (15). One of the most
intriguing characteristics of ganetespib was its capacity to
overcome multiple forms of intrinsic and acquired resistance
to other clinically relevant targeted agents, including tyrosine
kinase inhibitors (15, 17, 18). But till now, ganetespib have not
succeeded in phase 3 clinical trials because of poor selectivity,
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HSP90 inhibition represses E2F1 in MCL
unsatisfied efficacy, or high toxicity. So, searching for the novel
client protein of HSP90, which is the most sensitive and
worthy for targeting and exploring the combination treatment
to enhance the efficacy and reduce the toxicity, will help to
take advantages of such HSP90 inhibitors. We have here
evaluated the effects of ganetespib on MCL in vitro and in vivo,
demonstrating strong growth inhibitory effects. Importantly,
we have used transcriptome analysis complemented by func-
tional studies to define critical MCL signaling pathways that
are most sensitive to HSP90 inhibition and also vital to cell
fate.

Results

HSP90 inhibition suppressed growth of MCL cells in vitro and
in vivo

HSP90 protein was strongly expressed in the JEKO-1,
GRANTA-519, and MINO cell lines when compared with the
peripheral blood mononuclear cells from the healthy volunteer
(Fig. 1A). siRNA inhibition of HSP90 in JEKO-1 (Fig. 1B),
GRANTA-519, and MINO cells (Fig. S1) in each case
dramatically reduced cell viability within 72 h, indicating an
essential role of this protein in these MCL cell lines (Fig. 1C).
We then assessed growth inhibitory activities of ganetespib in
MCL cell lines by treating the cells with ganetespib for 72 h.
The IC50 values of ganetespib were 12.7, 47.3, and 68.2 nM for
JEKO-1, GRANTA-519, and MINO, respectively (Fig. 1D). In
contrast, ganetespib did not inhibit the growth of mononuclear
ZGT-1 cells derived from the peripheral blood of a healthy
volunteer (Fig. 1D). The protein levels of key client proteins of
HSP90, such as cyclin-dependent kinase 1 (CDK1), CDK2,
CDK4, c-Myc, cyclin B, ALK, BTK, AKT, phosphorylated
extracellular signal–regulated kinase 1/2, were reduced with
ganetespib treatment in cell lines JEKO-1 (Fig. 1Ea) and
GRANTA-519 (Fig. 1Eb).

We also evaluated the effects of ganetespib on JEKO-1
xenograft tumors (Fig. 1F). Weekly administration of gane-
tespib (100 mg/kg) dramatically inhibited the growth of xe-
nografts, reducing final volume by 56% (p < 0.001). H&E
staining showed that ganetespib induced vacuoles in tumors in
ganetespib-treated group (Fig. 1G). Immunohistochemical
staining revealed that molecular markers of cell proliferation
such as Ki-67 and cyclin D1 and typical client proteins of
HSP90 c-Myc, AKT, CDK1, CDK2, CDK4, and cyclin B
(Fig. 1H) were significantly lower in ganetespib-treated tu-
mors. Together, these data revealed that HSP90 inhibition
using either siRNA or ganetespib efficiently suppressed growth
of MCL cells both in vitro and in vivo.

12-h treatment of ganetespib efficiently inhibited growth of
MCL cells

To determine whether short periods of exposure to gane-
tespib were sufficient to inhibit cell growth, we treated JEKO-1
cells with ganetespib for 4, 8, or 12 h followed by replacement
with drug-free media, compared with continuous exposure for
72 h (Fig. 2A). We found that 4-h treatment had very limited
effects on cell viability, whereas 8-h treatment modestly
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inhibited (−36%) cell growth (Fig. 2B). However, 12-h treatment
dramatically inhibited growth of the cells and was almost as
efficient as the constant treatment for 72 h (13.9 versus
18.8 nM, as compared by IC50, Table S1). Similar results were
obtained in GRANTA-519 and MINO cells, with results indi-
cating that 12-h treatment of ganetespib efficiently inhibited
growth of MCL cells (Fig. 2, C and D and Table S1). These
results are potentially significant for clinical use of HSP90 in-
hibitors. A short-term treatment may provide the opportunities
to identify the signaling pathways that are the most sensitive to
HSP90 inhibition and also vital to cell fate in MCL and avoid
affecting a large number of client proteins of HSP90.

Transient ganetespib treatment induced G1 cell cycle
accumulation and apoptosis of MCL cells

To understand the mechanism of ganetespib action, JEKO-1
cells were treated with ganetespib at different concentrations
for 12 h and then released in fresh medium for 12 h (Fig. 3A).
Ganetespib treatment increased the proportion of cells in G0/1
phase and decreased the proportion of cells in S and G2/M
phases in a dose-dependent manner at 12 h following release
(Fig. 3, B and C). This brief drug treatment also induced sig-
nificant levels of apoptosis, in a dose-dependent manner, at
60 h following release (Fig. 3, D and E). Similar results were
obtained when GRANTA-519 cells were treated (but with
higher concentrations of drug) for 12 h (Fig. 3, F and G).
Higher drug concentrations for GRANTA-519 cells were used
because these cells are less responsive than JEKO-1 as seen
from the data in Figure 1D.

Transient ganetespib treatment downregulated genes in DNA
replication and cell cycle progression networks

To identify the molecular pathways important for the
cytostatic and cytotoxic activity of ganetespib in MCL, we
examined the effect of 12 h of drug treatment on the expres-
sion of HSP90 client proteins that have been reported to be
important in the development of lymphoma, including AKT,
ALK, BCL2, BCL6, Janus kinase 1, signal transducer and
activator of transcription 3, BTK, CDK1, CDK2, CDK4, CDK6,
cyclin B, cyclin D, extracellular signal–regulated kinase 1/2,
and c-Myc (19–24). JEKO-1 cells were treated with 20 nM of
ganetespib for 12 h, and protein levels were measured 0 or 12 h
after medium change (Fig. 4A). For most of these lymphoma-
related client proteins of HSP90, expression levels were unaf-
fected at both time points, except for a minor decrease in
CDK4 (Fig. S2). These results strongly suggested that an
alternative mechanism mediated the observed cytostatic/
cytotoxic activity of ganetespib. To gain insight into this
mechanism, we performed transcriptome analysis.

JEKO-1 cells were treated with ganetespib (20 nM) for 12 h,
and then total mRNA was collected and used for tran-
scriptome analysis (Fig. 4A). The result of Kyoto Encyclopedia
of Genes and Genomes pathway analysis showed that the
differentially expressed genes were significantly enriched in
networks such as DNA replication, cell cycle, antigen pro-
cessing and presentation, and allograft rejection (Fig. 4B). The



Figure 1. HSP90 inhibition inhibited growth of MCL cells in vitro and in vivo. A, the protein levels of HSP90 in JEKO-1, GRANTA-519, and MINO cells.
ZGT-1, the mononuclear cells in peripheral blood from a healthy volunteer, was used as the control cells. B, the protein levels of HSP90 with or without
HSP90 knockdown in JEKO-1 cells. C, the results of the cell viability assays on MCL cells with or without HSP90 knockdown (MTT assays were performed 72 h
after electroporation). D, inhibiting HSP90 with ganetespib inhibits the viability of MCL cell lines. MCL cell lines JEKO-1, GRANTA-519, and MINO were treated
with increasing concentrations of ganetespib for 72 h, and the cell viability was assessed by MTT assays. ZGT-1, the mononuclear cells in peripheral blood
from a healthy volunteer, was used as the control cells. E, the protein levels of Akt, CDK1, CDK2, CDK4, c-Myc, cyclin B, p-Erk1/2, Erk1/2, BTK, STAT3, survivin
in JEKO-1 (a) and GRANTA-519 cells (b) with or without 72-h ganetespib treatment at the indicated concentration. F, HSP90 inhibition with ganetespib
significantly inhibited tumor growth in a xenograft mouse model of MCL. Over a period of 3 weeks, mice bearing JEKO-1 xenografts (n = 6/group) were i.v.
dosed with 100 mg/kg ganetespib or vehicle starting at the 25th day once weekly. G and H, the representative pictures and statistics of H&E-stained tumor
sections (G), and immunohistochemistry detections of Ki67, cyclin D1, c-Myc, Akt, CDK1, CDK2, CDK4, and cyclin B (H) of tumors in experiment F. The scale
bar represents 50 μm. Data indicate the mean ± SD, calculated from triplicate samples from multiple independent experiments (n ≥ 3). Erk, extracellular
signal–regulated kinase; HSP90, heat shock protein 90; MCL, mantle cell lymphoma; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide.

HSP90 inhibition represses E2F1 in MCL
results from reactome pathway analysis showed that the
differentially expressed genes were enriched in networks
including DNA replication, cell cycle, DNA repair, immune
system, and cellular responses to external stimuli (Figs. S3 and
S4). When GRANTA-519 (45 nM) and MINO cells (60 nM)
were treated with ganetespib for 12 h, similar results were
obtained (Fig. S3).
Overall comparison of gene expression changes in the three
MCL cell lines showed that the expression of 24 genes changed
in the same direction in all three cell lines (Fig. 4C), with eight
genes upregulated and 16 genes downregulated (Fig. 4D). These
genes were divided into four groups based on currently known
gene functions (Table S2): HSP-related, DNA replication and
cell cycle, B cell specific, and unknowns (e.g., with poor
J. Biol. Chem. (2021) 297(2) 100996 3



Figure 2. Transient ganetespib treatment efficiently inhibited growth of MCL cells. A, the scheme of experiment settings. Cells were treated with either
ganetespib or vehicle constantly for 72 h or treated with ganetespib or vehicle transiently for indicated hours and then washed and cultured in fresh normal
media. B, the relative viability of JEKO-1 cells with ganetespib treatment at indicated concentration or with vehicle for 0, 4, 8, 12, or 72 h and viability was
determined using MTT reagents. The relative viability was normalized to the respective vehicle-treated values for the same period. C and D, the relative
viabilities of GRANTA-519 and MINO cells with transient or contentious treatment. Mean ± SD, n = 3. MCL, mantle cell lymphoma; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide.

HSP90 inhibition represses E2F1 in MCL
functional characterization in the literature). Five genes
including HSP90AA1, HSPA1B, BAG3, DNAJB1, and DNAJB4
are relevant to heat shock and other stress responses and were
upregulated when cells were treated with HSP90 inhibitor.
HLA-DQA1 and HLA-DMB, the molecular markers of B cells,
were downregulated by HSP90 inhibitor treatment. Impor-
tantly, cell division cycle 6 (CDC6), CDC45, minichromosome
maintenance 4 (MCM4), MCM7, MCM8, RecQ-mediated
genome instability 2 (RMI2), and DNA primase polypeptide 1
(PRIM1), which are involved in DNA replication and cell cycle
progression through S phase, were consistently downregulated
in all three cell lines. Consistently, based on reactome pathway
analysis, the most prominent functions of affected genes are
DNA replication and cell cycle (Figs. S3 and S4).

We used quantitative RT-PCR (qRT-PCR) to further
confirm the results obtained from transcriptome analysis. As
shown in Figure 4E, the mRNA levels of CDC6, CDC45,
MCM4, MCM7, MCM8, PRIM1, and RMI2 decreased after
cells were treated with ganetespib for 12 h. Similarly, when
GRANTA-519 (45 nM) and MINO cells (60 nM) were treated
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with ganetespib for 12 h, the mRNA levels of CDC6, CDC45,
MCM4, MCM7, PRIM1, and RMI2 significantly decreased
except for MCM8 (Fig. S5). The results from qRT-PCR were
highly consistent with those from transcriptome analysis.

We further measured the protein levels of the genes with the
consistent changes in all three cell lines. As shown in Figure 4,
F and G, the protein levels of PRIM1 did not significantly
change. The protein levels of MCM7 and CDC45 only mildly
decreased when the cells were transiently treated and released
for 12 h. Importantly, the protein levels of CDC6, MCM4, and
RMI2 significantly decreased just after 12-h treatment and
almost exhausted after the cells were released for 12 h.
Compared with the other proteins, CDC6, MCM4, and RMI2
decreased more rapidly and thoroughly. Since the mRNA
levels can be affected by either transcription or mRNA sta-
bility, we used promoter-luciferase constructs for a subset of
these genes to analyze consequences for transcription (Fig. 4,
H–J). We determined that promoter activities of CDC6,
MCM4, and RMI2 decreased dramatically after cells were
treated with ganetespib for 12 h.



Figure 3. Transient ganetespib treatment induced cell cycle alteration and apoptosis in MCL cells. A, the scheme of the experiment settings. Cells
were treated with either ganetespib at indicated concentration or vehicle for 12 h and then washed and cultured in fresh normal media for 12 h before cell
cycle analysis. Cells were treated with either ganetespib at indicated concentration or vehicle for 12 h and then washed and cultured in fresh normal media
for 60 h before apoptosis assays. B, statistics of cell cycle distribution of flow cytometry plots of JEKO-1 cells with or without 12-h ganetespib treatment. Cells
were stained with propidium iodide. C, analyzed results of the presence of annexin V (+)/PI (−) (early apoptosis) and annexin V (+)/PI (+) (late apoptosis) of
flow cytometry plots of JEKO-1 cells with or without 12-h ganetespib treatment. Cells were stained with annexin V–FITC/propidium iodide and analyzed for
apoptosis distribution. D, the statistics of cell cycle distribution of GRANTA-519 cells with or without 12-h ganetespib treatment. E, the statistics of apoptosis
assay of GRANTA-519 cells with or without 12-h ganetespib treatment. Mean ± SD, n = 3. MCL, mantle cell lymphoma.

HSP90 inhibition represses E2F1 in MCL
Transient ganetespib treatment resulted in decreased DNA
synthesis and increased DNA damage

CDC6, MCM4, and RMI2 are important in DNA replica-
tion, with roles in unwinding DNA helices, maintaining DNA
replication fork, and facilitating DNA damage repair (25–27).
We analyzed 5-ethynyl-20-deoxyuridine (EdU) incorporation
to evaluate the DNA synthesis in JEKO-1 cells treated with
ganetespib for 12 h and released for another 12 h. Ganetespib
treatment significantly decreased DNA synthesis in JEKO-1
cells (Fig. 5, A and B). Furthermore, immunofluorescence
(IF) analysis showed that ganetespib treatment caused signif-
icant accumulation of DNA damage, as manifested by
increased γH2AX and 53BP1 foci (Fig. 5, C–F). Consistent
J. Biol. Chem. (2021) 297(2) 100996 5



Figure 4. Transient ganetespib treatment induced downregulation of genes involved in DNA replication and cell cycle progression. A, the scheme
of the experiment settings. Cells were treated with either ganetespib (20 nM for JEKO-1, 45 nM for GRANTA-519, and 60 nM for MINO) or vehicle for 12 h
and then subjected to transcriptome analysis. B, KEGG pathway enrichment plots of transcriptome analysis of JEKO-1 cells with or without 12-h ganetespib
treatment. C, the Venn diagram created based on the genes whose expression levels were changed in three different cell lines. D, clustering analysis on 24
genes that changed in the same direction in all three cell lines and identified in D. E, the mRNA levels of CDC6, CDC45, MCM4, MCM7, MCM8, PRIM1, and
RMI2 in JEKO-1 cells with or without 12-h ganetespib treatment. JEKO-1 cells were treated with either ganetespib or vehicle for 12 h and then subjected to
quantitative RT-PCR verification. F, the protein expression levels of CDC6, CDC45, MCM4, MCM7, PRIM1, and RMI2 in JEKO-1 cells with or without 12-h
ganetespib treatment. JEKO-1 cells were treated with either ganetespib or vehicle for 12 h, washed, and immediately subjected to Western blot or
washed and cultured in fresh normal media for 12 h before Western blot. The time points chosen here are 0 and 12 h after drug treatment. G, the quantified
statistics of F. H–J, the luciferase assays on promoters of CDC6, MCM4, and RMI2 genes. JEKO-1 cells were treated with either ganetespib or vehicle for 12 h
and then subjected to luciferase assays. Mean ± SD, n = 3. KEGG, Kyoto Encyclopedia of Genes and Genomes; MCM, minichromosome maintenance 4;
PRIM1, DNA primase polypeptide 1; RMI2, RecQ-mediated genome instability 2.

HSP90 inhibition represses E2F1 in MCL
with the IF results, Western analysis also showed the upre-
gulation of γH2AX and 53BP1 levels in cells with ganetespib
treatment (Fig. 5G). Similarly, increased numbers of γH2AX
and 53BP1 foci were observed when they were treated with
ganetespib (45 nM) for 12 h and released for another 12 h in
GRANTA-519 cells (Fig. 5H).
E2F1 mediated transcriptional downregulation of genes
regulating DNA replication and repair after ganetespib
treatment

To gain insight into the mechanism by which ganetespib
downregulated transcription of cell cycle–related genes, we
tested the hypothesis that transcription factors (TFs)
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dependent on HSP90 were downregulated by ganetespib
treatment. We used the PROMO algorithm (28) to predict the
TF candidates for the six genes confirmed in qRT-PCR.
Weight matrices are constructed from known binding sites
extracted from TRANSFAC and used for the identification of
potential binding sites in sequences in PROMO with a number
of unique features. Among the TFs identified by this approach,
E2F1, AR, and c-Myc were selected for further analysis because
they were the highest ranked from the PROMO analysis, and
the existing literature shows that they are closely related to the
transcriptional regulation of those six genes (Table S3). TP53
was excluded since JEKO-1 lacks p53 expression (29, 30).

In JEKO-1 cells, expression of neither AR nor c-Myc was
affected by ganetespib treatment (Fig. 6A). However,



Figure 5. Transient ganetespib treatment resulted in decreased DNA synthesis and increased DNA damage. A and B, the representative pictures and
the statistics of EdU staining of JEKO-1 cells with or without 12-h ganetespib treatment. JEKO-1 cells were first treated with either ganetespib (20 nM) or
vehicle for 12 h and then cultured in fresh media for 24 h before EdU staining. The scale bar represents 25 μm. C–G, JEKO-1 cells were treated with either
ganetespib or vehicle for 12 h before immunofluorescence (IF) staining or Western blot of γH2AX and 53BP1. The scale bar represents 10 μm. C and D, the
representative IF pictures and the statistics of γH2AX. E and F, the representative IF pictures and the statistics of 53BP1. Mean ± SD, n = 3. G, representative
Western blot results of γH2AX and 53BP1 in JEKO-1 cells with or without 12-h ganetespib treatment. H, the statistics of γH2AX and 53BP1 IF experiments on
GRANTA-519 cells with or without 12-h ganetespib treatment. GRANTA-519 cells were treated with either ganetespib (45 nM) or vehicle for 12 h before IF
staining of γH2AX and 53BP1. Mean ± SD, n = 3. EdU, 5-ethynyl-20-deoxyuridine.

HSP90 inhibition represses E2F1 in MCL
expression of E2F1 significantly decreased within 6 h and was
almost depleted when cells were treated for 12 h (Fig. 6A).
Based on the aforementioned information, we inferred that
E2F1 may mediate the effect of HSP90 inhibition on tran-
scription of genes regulating DNA replication and repair.

To explore whether there is interaction between HSP90 and
E2F1, immunoprecipitation experiments were performed. It
was found that E2F1 can be immunoprecipitated by HSP90
and vice versa (Fig. 6B). Whether HSP90 normally maintains
E2F1 levels is also an interesting question. Cycloheximide
(CHX), the inhibitor of protein biosynthesis, was used to solve
this problem. We found that HSP90 does normally maintain
E2F1 levels, and ganetespib treatment accelerates degradation
of E2F1 (Fig. 6C). To further examine whether E2F1 can
regulate transcription of these six genes, the expression of
E2F1 was silenced using siRNAs (Fig. 6, D and E). E2F1
knockdown significantly downregulated the mRNA levels of
those six genes (Fig. 6F). E2F1 depletion significantly induced
early and late apoptosis (Fig. 6G), similar to ganetespib treat-
ment (Fig. 3, D and E).
To further test our hypothesis, we then transiently overex-
pressed E2F1 in JEKO-1 cells (Fig. 7, A and B) and treated
these cells with ganetespib for 12 h (Fig. 7A). As expected,
E2F1 overexpression increased the mRNA levels of the six
ganetespib-inhibited genes (Fig. 7C). In addition, E2F1 over-
expression significantly rescued cells from apoptosis and cell
cycle arrest induced by ganetespib treatment (Fig. 7, D and E).
These results demonstrated that E2F1 overexpression attenu-
ated the effects of 12 h of ganetespib treatment.
Pretreatment of ganetespib sensitize MCL cells to mechanistic
target of rapamycin inhibitors

As a class of powerful drugs for targeted therapy, mech-
anistic target of rapamycin (mTOR) inhibitors have been
widely used in treating multiple solid tumors and hemato-
logic malignancies (31, 32). Recent studies have revealed
great potential of mTOR inhibitors in treating MCL
(33–35). More importantly, recent studies have showed
synergistic effects between mTOR inhibitors and CDK
J. Biol. Chem. (2021) 297(2) 100996 7



Figure 6. E2F1 mediated transcriptional downregulation of genes involved in DNA replication and cell cycle progression under 12-h ganetespib
treatment. A, protein expression levels of E2F1, AR, and c-Myc in JEKO-1 cells without ganetespib treatment or with ganetespib treatment at the indicated
period of treatment. The cells were collected right after the drug treatment. B, E2F1 was coimmunoprecipitated with HSP90, and HSP90 was coimmu-
noprecipitated with E2F1 using the lysates from the nuclei. Indicated cells were subjected to coimmunoprecipitation experiments using the anti-HSP90 or
anti-E2F1 antibody. An isotype-matched IgG was used as a negative control. Levels of immunoprecipitated HSP90 and E2F1 were determined by
immunoblotting using the indicated antibodies. C, results of cycloheximide (CHX)-chase assay. Indicated cells were treated with either vehicle or ganetespib
(20 nM of ganetespib for JEKO-1 (a) and 45 nM of ganetespib for GRANTA-519 (b)) for 0, 4, 8, and 12 h in the presence of CHX (5 mg/ml). Treated cells were
used for immunoblot experiments, and protein levels of E2F1 were determined. Blots were quantified using the National Institutes of Health ImageJ
software. The amounts of E2F1 were normalized to β-actin of the same sample. D, the scheme of experiments of E–G. JEKO-1 cells were knockdowned with
scrambled siRNAs or siE2F1, and cells were harvested after 48 h for Western blot or quantitative RT-PCR experiments or harvested after 72 h for apoptosis
assays. E, protein expression levels of E2F1 in JEKO-1 cells with or without E2F1 knockdown. F, mRNA levels of CDC6, CDC45, MCM4, MCM7, PRIM1, and RMI2
in JEKO-1 cells with or without E2F1 knockdown. G, the results of apoptosis assays of JEKO-1 cells with or without E2F1 knockdown. HSP90, heat shock
protein 90; MCM, minichromosome maintenance 4; PRIM1, DNA primase polypeptide 1; RMI2, RecQ-mediated genome instability 2.

HSP90 inhibition represses E2F1 in MCL
inhibitors in many cancers including MCL (36, 37). Since
transient treatment of ganetespib can significantly reduce
E2F1 protein in MCL cells, the major downstream effector
of CDKs, we hypothesized that transient treatment of
ganetespib can increase sensitivities of MCL cells to mTOR
inhibitors. In our experiments, JEKO-1 and GRANTA-519
cells were first treated with ganetespib (or vehicle) at 20
and 45 nM, respectively, for 12 h, and then ganetespib was
removed, and they were treated with everolimus or tem-
sirolimus for another 60 h. As shown in Figure 8A and
Table S4, IC50 of everolimus reached 8.147 nM with
8 J. Biol. Chem. (2021) 297(2) 100996
ganetespib pretreatment compared with IC50 of 108.2 nM
without pretreatment in JEKO-1 cells (p = 0.042). Similarly,
IC50 of everolimus was 243.0 nM with ganetespib pretreat-
ment compared with IC50 of 5026 nM without pretreatment
in GRANTA-519 cells (Fig. 8B; p = 0.015). In addition, IC50

of temsirolimus was 1.286 nM with ganetespib pretreat-
ment, whereas it was 2.755 nM without ganetespib pre-
treatment in JEKO-1 cells (Fig. 8C; p = 0.094). IC50 of
temsirolimus was 374.4 nM with ganetespib pretreatment,
whereas it was 2409 nM without ganetespib pretreatment in
GRANTA-519 cells (Fig. 8D; p = 0.009).



Figure 7. The effects of E2F1 overexpression on 12-h ganetespib treatment. A, the scheme of experiments. JEKO-1 cells were transfected via elec-
troporation with either empty vectors or E2F1 overexpression vectors for 24 h. Then cells were treated with ganetespib (20 nM) for 12 h and subjected to
Western blot or quantitative RT-PCR experiments. After 12-h ganetespib treatment, cells were washed and cultured in fresh media for 60 h before apoptosis
assays. B, protein expression levels of E2F1 in JEKO-1 cells with or without E2F1 overexpression. C, mRNA levels of CDC6, CDC45, MCM4, MCM7, PRIM1, and
RMI2 in JEKO-1 cells with or without E2F1 overexpression under 12-h ganetespib treatment. D, the results of apoptosis assays of JEKO-1 cells with or without
E2F1 overexpression under 12-h ganetespib treatment. E, the results of cell cycle assays of JEKO-1 cells with or without E2F1 overexpression under 12-h
ganetespib treatment. Mean ± SD, n = 3. MCM, minichromosome maintenance 4; PRIM1, DNA primase polypeptide 1; RMI2, RecQ-mediated genome
instability 2.

HSP90 inhibition represses E2F1 in MCL
Often overexpressed in MCL cell lines (Fig. 8E), cyclin D1 is
a known client of HSP90. Our further experiments showed
that transient ganetespib treatment had very limited effects on
cyclin D1 protein levels but almost eliminated E2F1 in JEKO-1
(Fig. 8F) and GRANTA-519 (Fig. 8G) cells. Considering that
transient ganetespib treatment had little impact on expressions
of other cyclins and CDKs (Fig. S2), these results further
supported that transient ganetespib treatment sensitizes MCL
cells to mTOR inhibitors through E2F1 depletion, which will
in turn deactivate the relevant CDK-involving prosurvival
pathways.
Discussion

Our data revealed that ganetespib efficiently inhibited the
growth of MCL cells in vitro and in vivo, with IC50 values lower
than HSP90 inhibitors AT13387, PU-H71, HSP990, 17-AAG,
and comparable to AUY922 in these MCL cell lines and
similar to the IC50 values of ganetespib on other B-cell lym-
phoma cell lines (13, 17, 38). More importantly, we found that
transient inhibition of HSP90 using ganetespib shows potent
growth inhibitory effects on cells. Considering the clinical
limitation of HSP90 inhibitors caused by their toxic side
J. Biol. Chem. (2021) 297(2) 100996 9



Figure 8. Transient ganetespib treatment sensitizes MCL cells to mTOR inhibitors. Cells were pretreated with or without ganetespib for 12 h, before
they were treated with everolimus or temsirolimus for 60 h. A and B, relative viabilities of JEKO-1 and GRANTA-519 cells with everolimus with or without
transient ganetespib pretreatment. C and D, relative viabilities of JEKO-1 and GRANTA-519 cells with temsirolimus with or without transient ganetespib
pretreatment. For transient ganetespib treatment, ganetespib (DMSO was used in the vehicle group) was applied on cells (20 nm for JEKO-1 and 45 nM for
GRANTA-519) for 12 h and then washed. After that, cells were cultured in media with everolimus or temsirolimus at different concentrations for another
60 h. Mean ± SD, n = 3. E, protein levels of cyclin D1 in JEKO-1, GRANTA-519, and MINO cells. F, protein levels of E2F1 and cyclin D1 in JEKO-1 cells with or
without transient ganetespib treatment. G, protein levels of E2F1 and cyclin D1 in GRANTA-519 cells with or without transient ganetespib treatment. DMSO,
dimethyl sulfoxide; MCL, mantle cell lymphoma; mTOR, mechanistic target of rapamycin.

HSP90 inhibition represses E2F1 in MCL
effects, a strategy using short-term treatment might light new
ideas to decrease the toxicity of the drugs. Since HSP90 has
hundreds of protein clients, continuous HSP90 inhibition is
expected to broadly disrupt cellular signaling. A transient in-
hibition of HSP90 may help to identify the most sensitive and
quick-acting pathways. In our study, early transcriptome re-
sponses to ganetespib treatment indicate that inhibition of
HSP90 limits E2F1-dependent transcription to induce cell
cycle arrest and apoptosis through downregulation of proteins
important for DNA replication and repair, namely CDC6,
MCM4, and RMI2 (Fig. S6).

The replication of genomic DNA starts with the formation
of the origin recognition complex (ORC) and the binding of
CDC6 and Cdt1 to ORC. After that, MCM complex proteins, a
family of ATP-dependent helicases, are recruited to the ORC
to form prereplication complex. The joining of CDC45, GINS
complex, and other additional factors finally complete the
formation of CDC45–MCM–GINS helicases, which “license”
10 J. Biol. Chem. (2021) 297(2) 100996
DNA synthesis (39). In our study, transient ganetespib treat-
ment depressed DNA synthesis, whereas decreased the protein
levels of CDC6 and MCM4. More and more studies revealed
that the components of prereplication complex are essential
for DNA repair and genome stability (40, 41). In addition,
RMI2, an essential component of the Bloom helicase, was
proven necessary for DNA homologous recombination repair
(42, 43). Consistently, we found that transient ganetespib
treatment significantly increased DNA damage accumulation,
whereas decreased the protein levels of CDC6, MCM4, and
RMI2 in cells. HSP90 inhibitors (especially ganetespib) have
shown significant effects on cell cycle regulatory genes and
signaling pathways and DNA repair genes. We found that
ganetespib treatment decreased expression of cyclin B1 and
CHK1 earlier in gastric cancer cell lines (44). Guan et al. (45)
found that ganetespib treatment caused an increase in cell
cycle–dependent kinase inhibitors p15 and p21 in c-Myc–
dependent esophageal squamous cell carcinoma. Ganetespib
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significantly represses CDK1 expression and caused G2 block
and mitotic arrest in thyroid cancer cells (46). Proia et al. (47)
found that ganetespib treatment selectively altered the
expression of a large set of genes involved in cell cycle–related
activities, including DNA replication and repair (BRCA1/2),
cell cycle regulation (CDC2 and CDC25), centrosome/spindle
activities (BUB1/3, CENPE/M, KIF14, and FAM33A), chro-
mosome condensation (TOP2A and NCAPG), and replication
(RFC3/4, MCM family). Connolly et al. (48) also found that
ganetespib treatment destabilized HSP90 client proteins
involved in DNA damage response, cell cycle checkpoint, and
DNA repair and exhibited prominent dose-dependent de-
creases in BRCA1, BRCA2, CDK1, CHK1, ATM serine/thre-
onine kinase, homologous recombination protein RAD51,
MRE11, and c-Myc in ovarian cancer cells. In addition, levels
of p21, p27, CHK1, RAD51, and phosphorylated form of his-
tone H2AX changed, and activation of CHK2 was observed
following ganetespib exposure in colorectal cancer (49).

MCM genes are well-known E2F-inducible genes (50–52).
An early study by Yan et al. (53) showed that transcription of
CDC6 is positively regulated by E2F1. Several previous studies
have demonstrated the high expression of E2F1 in MCL (54,
55). Our data support that E2F1 positively regulates the
transcription of six genes, including CDC6, CDC45, MCM4,
MCM7, PRIM1, and RMI2 in MCL cells. Amere Subbarao
et al. (56) reported that HSP90 interacts with E2F1 and E2F2
in breast cancer cells with coimmunoprecipitation (co-IP)
experiments earlier this year. Interestingly, they observed that
E2F1 and E2F2 stability at the protein level was affected by the
17-AAG treatment in MCF-7 cells, whereas only E2F2 stability
was affected in human embryonic kidney 293T cells. They
found a significant decrease of the nuclear accumulation of
E2F1 and E2F2 in MCF-7 cells, but they were not affected by
17-AAG treatment in human embryonic kidney 293T cells,
which indicated that HSP90-dependent E2F regulation
appeared to be specific to cancer cells. We think E2F1 can
work as an amplifier for transient ganetespib treatment to
induce cell cycle arrest and apoptosis. Our data strongly pro-
pose E2F1 to be a promising therapeutic target in MCL.

Cyclin D1 is overexpressed in virtually all patients with
MCL and was proved to be highly sensitive to CDK inhibitors
(36, 57). Since ganetespib can greatly downregulate E2F1,
which is the main downstream effector of CDKs in MCL cells,
transient treatment of ganetespib can be considered as an
effective strategy for CDK inhibition. There were around 40
clinical trials in phase I/II/III involving ganetespib as a single
agent or in combination therapies on solid tumors, leukemia,
myeloproliferative disorders, bone marrow diseases, and other
diseases. Although randomized phase III study of ganetespib
with docetaxel versus docetaxel in advanced non–small-cell
lung cancer (GALAXY-2) trial did not result in improved
survival for salvage therapy of patients with advanced-stage
lung adenocarcinoma (58), there has been clear evidence of
inhibition of vascular endothelial growth factor, signal trans-
ducer and activator of transcription 3, and hypoxia-inducible
factor 1α with ganetespib in patient tumors (58, 59). Given
that a combination of CDK and mTOR inhibitors may exert
synergic effects on MCL cells, it is not unanticipated that in
our study transient treatment of ganetespib significantly
sensitized MCL cells to mTOR inhibitors.

So far, there is no standard frontline therapy for MCL.
Today, many patients with MCL are commonly treated with
combination of chemotherapy and immunotherapy. Recent
studies have proposed new molecular targets in MCL, such as
proteins contributing to protein homeostasis, DNA damage
processes, cell cycle regulation, cell proliferation, and
apoptosis (33). Encouraged by the success of consecutive usage
of transient treatment with ganetespib and mTOR inhibitors,
we believed that further understanding of the molecular
mechanisms will greatly improve the development of combi-
nation therapies with HSP90 inhibitors and pave the ways for
proposing novel treatment strategies for MCL.

Experimental procedures

Cell lines and reagents

The MCL cell lines JEKO-1 and MINO (American Type
Culture Collection) were maintained in RPMI1640 supple-
mented with 10% fetal bovine serum (FBS) and penicillin/
streptomycin (100 units/ml and 100 g/ml, respectively) (all
from Thermo Fisher Scientific). The cell line GRANTA-519
was grown in medium containing 90% minimum essential
media and 10% FBS, supplemented with penicillin/strepto-
mycin (cell line and media from Thermo Fisher Scientific). All
cell lines were obtained from the American Type Culture
Collection and cultured at 37 �C in a humidified, 5% carbon
dioxide atmosphere, and tested for mycoplasma contamina-
tion before experiments.

Cell treatment

Cells were treated with either ganetespib or vehicle
constantly for 72 h or treated with ganetespib or vehicle
transiently for indicated hours and then washed and cultured
in fresh normal media. IC50 values were calculated using
CompuSyn (ComboSyn).

Antibodies and chemical reagents

The commercial sources of antibodies used are listed in
Table S5. Ganetespib was purchased from Selleck Chemicals,
Inc. siRNAs targeting HSP90 and E2F1 (siHSP90s and siE2F1)
and scrambled siRNAs were synthesized by Shanghai Gene-
Pharma Co (Table S6). All chemicals were purchased from
Sigma–Aldrich unless otherwise specified.

Isolation and culture of primary cells

Approval for the study was obtained from the Ethics
Committee at Jiangsu University. The informed consent form
was signed by the health volunteer. Mononuclear cells from
peripheral blood of this healthy donor (ZGT-1) were isolated
using Ficoll gradient centrifugation (Sigma–Aldrich). The
obtained cells were cultured in RPMI1640 medium, supple-
mented with 10% FBS at 37 �C, in a humidified atmosphere
containing 5% carbon dioxide.
J. Biol. Chem. (2021) 297(2) 100996 11
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Electroporation

Cells (1.5 × 105 cells/well) were transfected via electropo-
ration with the Etta X-Porator H1 (Etta Biotech) at a final
concentration of 1000 nM siRNA. Manufacturer’s protocol
was followed, and the electroporation program was optimized
in our laboratory as voltage of 150 V, pulse duration 100 μs,
pulse number 6, and interval of 1000 ms.

Cell viability

Cells were plated in 96-well plates (12,000 cells/well), and
ganetespib was added into the wells to meet the desirable
concentrations. Cell viability was determined using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide re-
agents (KeyGen Biotech). In drug combination experiments,
cell lines were pretreated with or without ganetespib for 12 h,
before they were treated with everolimus or temsirolimus for
60 h. The cell viabilities were measured at least in three in-
dependent experiments.

In vivo analysis

All procedures involving mice were approved by the Insti-
tutional Animal Care and Use Committee of Jiangsu Univer-
sity. All Nu/Nu nude mice were provided with sterilized food
and water and housed in a barrier facility under a 12-h light/
dark cycle. Six-week-old Nu/Nu nude mice were injected
subcutaneously in the left flank with 2 × 106 JEKO-1 cells.
Tumors were measured every 2 days with vernier calipers, and
tumor volumes were calculated using the formula: volume =
0.52 × W2 × L, where L and W represent the length and width
of tumors, respectively. When tumor size reached approxi-
mately 150 mm3 (25 days after initial transplantation), the
mice were randomized into two groups (six mice/group,
ganetespib and vehicle groups), and drug treatment was star-
ted. Ganetespib (100 mg/kg formulated in 10/18 DRD [10%
dimethyl sulfoxide, 18% Cremophor RH 40, 3.6% dextrose, and
68.4% water] or 10/18 DRD [vehicle]) was administered once a
week by tail vein injection for 3 weeks. At the end of the
observation, mice were sacrificed and autopsied. Tumors were
removed and measured. Differences between two groups were
compared by the Mann–Whitney test, with p < 0.05 consid-
ered significant.

Tissue preparation, histology, and immunohistochemistry

Tumors were paraffin embedded, sectioned (5 μm thick),
and deparaffinized as previously described (44). Sections were
either H&E stained or subjected to antigen retrieval for
immunohistochemistry. Antigen retrieval was conducted by
pepsin digestion at 37 �C for 15 to 30 min or by heating slides
in EDTA buffer (pH 9.0) for 30 min. Endogenous peroxidase
was blocked by preincubation with hydrogen peroxide, and
10% goat serum was used to block the nonspecific antigens.
The following primary antibodies at the indicated dilutions
was used: anti-Ki-67 antibody (1:100) and anti-cyclin D1
antibody (1:50). Sections were exposed to appropriate species-
specific secondary antibodies and exposed to 3,30-dia-
minobenzidine (KeyGen Biotech). Then sections were lightly
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counterstained with hematoxylin (KeyGen Biotech) and
coverslipped.

Immunoreactivity was evaluated by two independent re-
searchers blinded to tumor origins. The evaluation was based
on the extent of staining and the staining intensity. The
staining extent was dependent on the percentage of positive-
stained cells and scored as 4 (76–100%), 3 (51–75%), 2
(26–50%), 1 (1–25%), and 0 (0%). The staining intensity was
scored as 4 (extremely strong), 3 (strong), 2 (moderate), 1
(weak), and 0 (negative). The sum of the staining extent and
intensity was used as the final immunoreactivity score. In the
case of a scoring discrepancy, the slides were re-examined by
both researchers.

Apoptosis and cell cycle assays

Annexin V-FITC/propidium iodide staining reagent (Yeasen
Biotech) was used to evaluate apoptosis. For cell cycle assays,
cells were harvested and stained with propidium iodide
(Sigma–Aldrich) as previously reported (44). Apoptosis and
cell cycle samples were analyzed using a Gallios Flow Cy-
tometer (Beckman Coulter) available in the Analytical and
Testing Center at Jiangsu University. Data were analyzed using
FlowJo software (FlowJo).

Transcriptome analysis

Total RNA was extracted from cultured cells by using Trizol
reagent (Thermo Fisher Scientific) according to manufac-
turer’s protocol. RNA amplification, labeling, hybridization,
and microarray imaging were performed by CapitalBio Cor-
poration. A gene was defined as differentially expressed when
the difference of mRNA expression was more than 2-fold and
the p value was less than 0.05. Differentially expressed genes
were analyzed using the gplots package in R language (60, 61).
Venn and heat map diagrams were plotted using the Venn and
heatmap.2 functions in the gplots package, respectively. For
Kyoto Encyclopedia of Genes and Genomes pathway enrich-
ment analysis, the differentially expressed genes were analyzed
by DAVID Bioinformatics Resources 6.8 (62, 63) and the on-
line Reactome platform (64).

TF prediction

The potential TFs were predicted using an online software,
PROMO (65), with the promoter sequences of six candidate
genes (−2000 to +500 bp). The species was selected as human,
and the maximum matrix dissimilarity rate was set to 5%.

Luciferase reporter assays

The proximal promoter regions (−2000 to +500) of CDC6,
MCM4, and RMI2 genes were amplified from the genomic
DNA of JEKO-1 cells and inserted into pGL3 Luciferase Re-
porter Vector (Promega Corporation) as previously described
(66). The promoter-driven luciferase reporter (3 μg) was
electroporated into JEKO-1 cells, whereas the original vector
was used as the control. A β-galactosidase plasmid (0.5 μg) was
electroporated into cells with luciferase reporter plasmids. Cell
debris was removed using low-speed centrifugation, and
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surviving cells were treated with either vehicle or 20 nM of
ganetespib for 12 h. Luciferase assays were performed
following the protocol from the manufacturer, whereas β-
galactosidase activities of the cells were used as a control of
electroporation efficiency and cell numbers (67).

EdU staining

Cells were incubated with 12.5 μM of EdU for 2 h, trans-
ferred to polylysine-treated adhesive slides (Liusheng), and
then incubated at 37 �C for 30 min. Thereafter, the EdU
staining was performed using the Cell-Light EdU Apollo488
In Vitro Imaging Kit (Ribobio).

CHX-chase assay

Cells were treated with either vehicle or ganetespib for 0, 4,
8, and 12 h in the presence of CHX (5 mg/ml). Treated cells
were collected for immunoblot experiments.

Overexpression of E2F1

JEKO-1 cells (5 × 106 cells/well) were transfected via elec-
troporation with 10 μg of pcDNA3.1(+)-E2F1 (synthesized by
Genescript) or pcDNA3.1(+) as the control. The electropora-
tion program was optimized in our laboratory for MCL cell
lines.

Immunoblot, qRT-PCR, and IF

These experiments were performed as previously described
(67–69). Primes for qRT-PCR are listed in Table S7.

Co-IP experiments

The Co-IP experiments were carried out as described pre-
viously (68). Briefly, cells were lysed in the buffer (10 mM
Hepes–KOH [pH = 8.0], 10 mM KCl, 1.5 mM MgCl2, 0.34 M
sucrose, 10% glycerol [pH = 7.5], and 0.1% Triton X-100) for
5 min, and centrifuged at 1300g for 5 min at 4 �C. The su-
pernatant was removed, and the nuclei pellet was washed once
with PBS, and then lysed using a buffer (50 mM Tris–HCl [pH
8.0], 1 mM EDTA, 0.5% NP-40, and 150 mM NaCl with the
proteinase inhibitors) for 30 min at 4 �C. The supernatant was
collected by centrifuging the cell lysates at 12,000g for 10 min
at 4 �C, and protein concentrations were determined using the
Bicinchoninic Acid Protein Assay Kit (Beyotime Biotech).
Then, 1 mg of total protein was subjected to IP with 2 μg
antibody or an isotype-matched IgG control. The protein was
incubated with antibodies for 3 h at 4 �C, and the protein A/G
agarose resin was added, then incubated for 1 h at 4 �C. The IP
products were collected after being washed for four times with
lysis buffer and used in immunoblot.

Statistical analysis

One-way ANOVA followed by Bonferroni post-testing was
used to determine statistically significant differences between
different groups (*p < 0.05; **p < 0.01; and ***p < 0.001).
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