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Withaferin A (WA), a withanolide from the plant, Ashwagandha (Withania somnifera) used in Ayurvedic medicine, has
been found to be valuable in the treatment of several medical ailments. WA has been found to have anticancer activity
against various solid tumors, but its effects on hematological malignancies have not been studied in detail. WA strongly
inhibited the survival of several human and murine B cell lymphoma cell lines. Additionally, in vivo studies with
syngeneic-graft lymphoma cells suggest that WA inhibits the growth of tumor but does not affect other proliferative
tissues. We demonstrate that WA inhibits the efficiency of NF-kB nuclear translocation in diffuse large B cell lymphomas
and found that WA treatment resulted in a significant decrease in protein levels involved in B cell receptor signaling
and cell cycle regulation. WA inhibited the activity of heat shock protein (Hsp) 90 as reflected by a sharp increase in
Hsp70 expression levels. Hence, we propose that the anti-cancer effects of WA in lymphomas are likely due to its ability
to inhibit Hsp90 function and subsequent reduction of critical kinases and cell cycle regulators that are clients of Hsp90.

Introduction

Non-Hodgkin Lymphoma (NHL) is the seventh most com-
mon cancer in the United States and represents 4.3% of new can-
cer cases.1 The majority of NHLs are derived from B cells and the
most common and aggressive forms are diffuse large B cell lym-
phomas (DLBCL) contributing to 30% of newly diagnosed
cases.2 B cell lymphomas can be classified based on cellular origin
pertaining to pre- or post-germinal center, mantle, follicular, or
marginal zone B cells. DLBCLs can be classified into germinal
center B cell (GCB) like and activated B cell (ABC) like which
carries a worse prognosis and lower patient survival.3,4 Activated
B cell like DLBCLs have been found to have high NF-kB activa-
tion, known to promote transcription of cell survival and prolif-
eration genes.5 Tonic BCR signaling can lead to constitutive NF-
kB activation by signaling through key kinases like SFKs, Syk,
Akt and Btk.6,7 We and others have shown that similar to normal
B cell survival, B cell lymphomas require B cell receptor (BCR)
signaling for growth and survival.2,8,9 The increased expression
and activity of these kinases and NF-kB are known to promote B
cell lymphoma survival and are significant targets in cancer
therapies.10

Current therapies for DLBCL involve a range of chemothera-
peutics and immunotherapies (R-CHOP) with potential benefi-
cial outcomes, yet result in many adverse side effects, warranting
the need for novel therapies for the treatment of this disease.11

Interest has sparked in examining the use of natural products for

cancer prevention and treatment.12 Withaferin A (WA) is a ste-
roidal lactone isolated from the Ayruvedic medicinal plant, Ash-
wagandha (Withania Somnifera), that has been studied for its
biological activities which include anti-inflammatory, anti-angio-
genic, and anti-tumor effects.13 WA, the active compound found
in the plant extract, shows promise to be a key anti-cancer thera-
peutic.14 WA has been reported to inhibit proliferation and
induce cell death in a variety of tumor models such as pancre-
atic,15 breast,16 lung,17 cervical,18 and prostate,19 but its effects
on DLBCL are not yet known.

Reports have suggested multiple mechanisms are involved in
the anticancer activity of WA indicating the promiscuous nature
of its effects on cancer cell survival.14 Several studies found that
WA stimulates apoptosis through restoring p53 levels and thus
activating Bax and other pro-apoptotic Bcl-2 family proteins to
induce apoptosis of cervical cancer cells,18 or by enhancing levels
of the proapoptotic factor, Par-4, and downstream caspase activa-
tion in prostate cancer cells.19 In most cancer cell lines WA
inhibits the proliferation of tumor cells through a G2/M phase
cell cycle arrest,20 and inhibits the activation of NF-kB via inter-
action with the IKKg subunit preventing IkB phosphoryla-
tion.21,22 In pancreatic cancer cells, Yu et. al. demonstrated that
WA treatment leads to degradation of a variety of client proteins
of the Hsp90 chaperone, suggesting that WA works by inhibiting
heat shock proteins.15 This mechanism of action has not yet been
described in any other cancer cells. The Hsp90/Cdc37 chaperone
complex has been described to have functional roles in
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promoting the maturation of client proteins such as Src, Akt,
IKK, Cdc2, and CDK4.23 Several of these client proteins are dys-
regulated in many cancers including DLBCL and are current or
potential therapeutic targets.

In this study we show that WA has anti-proliferative activity
on multiple types of B cell lymphomas including those with the
most aggressive phenotype, in both in vitro and in vivo models.
Our mechanistic studies suggest that Hsp90 is an important tar-
get in the anti-lymphoma activity of WA.

Results

WA inhibits proliferation of B cell lymphoma cells
Treatment with WA induced a dose dependent inhibition of

the growth of a variety of human and mouse B lymphoma cell
lines when measured by the MTT assay (Fig. 1). WA was effec-
tive against the human DLBCL cell lines LY-3, LY-10, SudHL-
6, a Burkitt’s lymphoma, Raji, and a mantle cell lymphoma,
MINO with an EC50 in the range of 1.92–3.6 mM (Table 1).
The Burkitt’s lymphoma, Ramos was the most sensitive with an
EC50 of 0.45 mM whereas the mantle cell lymphoma, JEKO was
most resistant. We are currently investigating the basis of

apparent resistance of JEKO cells to WA mediated growth inhi-
bition. Growth of the murine immature B-cell lymphoma, BKS-
2 and the germinal center lymphoma, A20-luc/YFP was also
strongly inhibited by WA.

WA induces a cell cycle arrest
Cell cycle analysis using SudHL-6 cells showed that increasing

doses of WA progressively reduced cells in G1 and S phase but
increased cells in G2/M phase indicating a cell cycle arrest at the
G2/M checkpoint (Fig. 2A). The EC50 based on the cell cycle
analysis was 1.25mMwhich is in the same range as that calculated
by the MTT assay. A similar decrease in S phase cells and an
increase in G2/M was also demonstrated with LY-3 and LY-10
cells (Fig. 2A). There was a slight increase in G1 phase cells
which could be due to an incomplete G2/M arrest in these cells.
Because we saw a halt in the cell cycle, we also examined the
expression of cell cycle regulators after drug treatment. Figure 2B
shows that there is a decrease in expression of CDK4, which is a
kinase required for G1-S progression. Similarly cdc2, a kinase
required for G2/M progression, was also reduced in WA treated
cells (Fig. 2B). Interestingly, cyclin B which is required for cdc2
activation, (Fig. 2B) as well as cyclin A and Cdk2 (Fig. S1) were
not affected by WA treatment of LY-10 and LY-3 cells. These

Figure 1. Effect of WA on the survival of human diffuse large B cell lymphoma, Burkitt’s lymphoma, mantle Cell lymphoma, and murine DLBCL cell lines.
B cell lymphoma cells were treated with different concentrations of Withaferin A for 48hr and then proliferation and viability was measured by MTT assay.
Data points indicate percentage of viable cells of triplicate cultures and an average of at least 2 experiments. The curves are plotted on a log scale with
0.01 mM drug concentration representing no drug added. Bars indicate standard error of the mean.
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data collectively suggest that WA has a negative effect on cell
cycle progression, preventing B cell lymphoma proliferation.

WA induces apoptosis in B cell lymphoma lines
To determine if WA induced growth inhibition of lymphoma

cells is due to apoptosis, Annexin V expression was measured in
LY-3 and LY-10 cell lines treated with increasing doses of WA
for 24hrs. Figure 3A shows a dose dependent response of increas-
ing Annexin V positive cells with increasing concentrations of
drug. The EC50 values calculated with Annexin V data for LY-10
and LY-3 are 2.5 and 1.25 mM respectively, which is in agree-
ment with the MTT data in Table 1. Similar results were
obtained with Ramos and SudHL-6 cell lines, once again Ramos
showing increased sensitivity.

WA has been suggested to induce apoptosis in a variety of
ways in different tumor models.24,25 Srinivasan et. al studied the
effects of WA in prostate cancer cells and reported that WA indu-
ces apoptosis by enhancing the pro-apoptotic protein, Prostate

Table 1. Effective Concentrations of Withaferin A on various NHL cell lines

NHL-Subtype EC50 (mM)

Human Lymphoma
LY-10 ABC-DLBCL 3.48
LY-3 ABC-DLBCL 2.18
SudHL-6 GCB-DLBCL 3.6
Ramos Burkitt’s 0.45
Raji Burkitt’s 1.92
Mino Mantle Cell 1.75
Jeko Mantle Cell 16.7

Murine Lymphoma
A20-Luc GCB-DLBCL 5.14
BKS-2 Immature Lymphoma 4.43

Effective inhibitory concentrations calculated for WA on B-cell lymphoma
cell lines. Values represent an average of at least 2 experiments including
triplicate samples determined from a logarithmic line of best fit.

Figure 2. WA induced a G2/M cell cycle arrest in B cell lymphoma accompanied by a decrease in expression of cell cycle regulators. (A) Cultures of
human SudHL-6, LY-10, and LY-3 cells (of 0.75 £ 106 cells/ml) were treated with different concentrations of WA for 48hr. The cells were then collected
and stained for cell cycle analysis. (B) LY-10 and LY-3 cells were treated with 2.5 mM WA and collected at multiple time points. Cells were harvested and
total protein was isolated. Immunoblots were probed for cell cycle regulators including Cyclin B1, cdc2, and CDK4. Blots were then stripped and probed
for GAPDH. Expression values for each band were normalized to the corresponding GAPDH band.
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apoptosis response-4 (Par-4).19 We have confirmed that DLBCL
cells constitutively express functional Par-4 (data not shown) and
hypothesized that WA may induce apoptosis of B cell lymphoma
through a Par-4 dependent pathway. However, we found that
total levels of Par-4 protein decreased in WA treated LY-3 and
LY-10 cells. This was contradictory to previous studies.19 Hence
we considered the possibility that B cell lymphoma cells may
secrete more Par-4 after WA treatment, which can then induce
apoptosis extracellularly.26 We quantified secreted and intracel-
lular Par-4 (as described in Methods) in SudHL-6 and LY-10
lymphoma cells treated with WA. WA treatment decreased the
levels of secreted as well as intracellular Par-4 in both cell lines
(Fig. S2). These results suggested that B cell lymphomas do not
rely on Par-4 mediated apoptosis after WA treatment and led
us to investigate other mechanisms of apoptosis. We measured
the levels of anti-apoptotic proteins Bcl-2 and Mcl1, which are
involved in blocking the intrinsic apoptosis pathway. Immuno-
blot analysis in Figure 3B showed that there was a slight
decrease in expression of Bcl-2 protein but a greater decrease in
Mcl1 protein, which is likely to prevent the stabilization of the
mitochondrial membrane leading to caspase activation and apo-
ptosis. Indeed, drug treatment led to increased cleavage of Cas-
pase 3 in LY-3 cells (Fig. 3C) and reduced levels of intact
caspase-3.

WA inhibits NF-kB nuclear translocation
The results indicating that WA reduces B cell lymphoma sur-

vival and proliferation in conjunction with previous findings in
other tumor models led us to examine the effect of drug treat-
ment on NF-kB activity. Figure 4A shows that in LY-3 and LY-

10 lymphoma cells, the p65 subunit of NF-kB is found within
the cytoplasm and the nucleus indicating that NF-kB is constitu-
tively activated in untreated cells as noted by previous studies.5

The right panels of Figure 4A show that in WA treated LY-3
and LY-10 cells, there is less positive staining for p65 within the
nucleus compared to the control, untreated cells, suggesting that
WA inhibits the efficiency of nuclear translocation of the p65
and hence NF-kB activation. Quantitative analysis of these data
presented in Figure 4B shows that there was a significant differ-
ence in nuclear staining between the control, untreated cells and
WA treatment after 2 and 4 hours (Fig. 4B). We confirmed the
decrease in efficiency of NF-kB nuclear translocation by showing
a decrease in total levels of IKKa/b (kinases required for IkB
degradation and nuclear translocation of p65) in LY-10 and LY-
3 cell lysates (Fig. 4C).

WA reduces expression of pro-survival signals in B cell
lymphomas

Observation of increased pro-apoptotic signals in B cell
lymphomas led us to examine the effect of WA on BCR sig-
naling pathway that involves activation of both tyrosine and
serine/threonine protein kinases like Akt, Lyn, Syk, and Btk.
Levels of the activated form of Akt (pS473) were decreased
after 12, 24, and 48 hrs of WA treatment along with total
levels of Akt at 24 and 48hrs (Fig. 5A). This led us to con-
clude that loss of the reduction in the activated form of Akt
may be dependent on the total loss of the protein with WA
treatment.

Previously we have shown that SFKs are constitutively acti-
vated in B cell lymphoma lines and are necessary for B cell

Figure 3. Withaferin A treatment results in apoptosis of diffuse Large B cell lymphoma lines. (A) LY-10 and LY-3 cells were treated with 2.5 mM WA for
48hrs. Early apoptotic cells were detected by flow cytometry with Annexin-V staining. (B) Bcl-2 and Mcl1 protein expression in LY-10 and LY-3 lymphoma
cells were determined by western blot analysis. (C) Cleaved Caspase 3 and total Caspase 3 levels were measured in WA treated LY-3 lymphoma cells.
Band intensity values are normalized to the control GAPDH.
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lymphoma growth.8 Therefore, we investigated the effect of WA
treatment on the protein activity and expression of Lyn, a known
SFK needed for the phosphorylation of the BCR co-receptors.27

As shown in Figure 5B, there is a dramatic loss of expression of
pSrc at late time point treatments with WA. There is also
decreased expression of total Lyn protein, indicating that WA
treatment results in degradation of the kinase critical for BCR
induced survival signals. The non-receptor tyrosine kinases, Syk
and Btk, which are the downstream components of the BCR sig-
naling pathway, were also inhibited by WA treatment (Fig. 5C).
Down regulation of multiple protein kinases in BCR signaling
and cell cycle progression suggested that WA may be affecting a
key target that affects the stability of these proteins. Yu et. al.
showed that the WA treatment led to inhibition of Hsp90 chap-
erone activity in pancreatic cancer cells.15 Decrease in total pro-
tein levels of several kinases (Akt, Lyn, CDK4, IKKa/b), which
have been demonstrated to be Hsp90 substrates led us to postu-
late that WA may also inhibit Hsp90 function in lymphoma
cells. Best indication of decrease in Hsp90 function is rapid
induction of Hsp70 which could compensate for Hsp90 par-
tially. In agreement with this concept, we found that Hsp90

levels were unaltered in WA treated lymphoma cells but there
was a robust increase in Hsp70 expression levels as early as after
6 hours of drug treatment (Fig. 5d).

In vivo tumor growth inhibition after WA treatment
Here we examined the effect of WA in vivo on a murine

DLBCL line, A20-Luc. Results indicate that tumor size was
reduced after treatment with WA as shown by the biolumines-
cence images (Fig. 6A) and by the average tumor volume per
treatment group (Fig. 6B) and per individual mouse (Fig. S4).
Measurements for days 5–13 are represented on the histogram as
tumor volumes were minimal before day 5. There was a signifi-
cant difference between the tumor size of vehicle and WA treated
groups on day 10 and day 13 with p-values <0.05 determined
by student t-test. We also collected the tumor after 15 days and
determined the percentage of CD19CYFPC tumor cells within
the tissues by flow cytometry. There was a significant reduction
in the percentage of tumor cells within the focal area of the ani-
mals treated with WA (Fig. 6C). We wondered if the drug may
be targeting other actively proliferating cells in vivo and therefore
examined the histology of colon sections as it contains epithelial

Figure 4. Withaferin A inhibits NF-kB nuclear translocation. (A) Cultures of 0.75 £106 cells/ml human LY-10 and LY-3 lymphoma cells were treated with
2.5 mMWA for 2 and 4 hours. Cells were then removed from drug and fixed to be stained for the p-65 subunit of NF-kB. Images were taken through fluo-
rescent microscopy to observe the cytoplasmic and nuclear location of NF-kB. (B) Sixteen fields were counted and data represents mean § standard
deviation of triplicate samples. Statistical significance of difference between groups was determined by ANOVA. * P<0.02 and ** P < 0.001. (C) LY-10
and LY-3 lymphoma cells were treated with 2.5 mM WA and collected at multiple time points. Cells were harvested and total protein was isolated. West-
ern blots of lysates were probed for pIKKa/b and total IKK a/b. Blots were then stripped and probed for GAPDH. Expression values for IKK a/b band
were normalized to the corresponding GAPDH band and the pIKKa/b values were normalized to the total IKKa/b. ND D not determined due to total
IKKa/b band being undetectable.
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cells that undergo basal proliferation. Histological examination of
the colons from both the vehicle and WA treated groups, showed
that the villus structure of the epithelial layer was intact, suggest-
ing that WA did not have an effect on other proliferating cells
besides the A20-luc lymphoma cells (Fig. S5).

Discussion

Previously a few studies have examined the effect of WA, a
naturally occurring steroid lactone on lymphoblastic and myeloid
leukemia,28,29 but none had studied its ability to modulate the
growth of DLBCL which are aggressive tumors. Here we showed
that WA has a significant anti-cancer role in the growth and sur-
vival of this aggressive tumor using both in vitro as well as an in

vivo lymphoma model. Our data suggests that WA targets the
functional activity of the Hsp90 chaperone complex resulting in
degradation of client proteins that include critical pro-survival
kinases, cell cycle regulators, pro-survival factors, and B cell
receptor signaling components.

Many studies have reported that WA treatment mediates a
G2/M phase arrest resulting from decreased expression of CDK1
(cdc2), a kinase required for G2/M transition and accumulation
of cyclin B1 which is suggestive of an M phase arrest.14,18,20,30

Accordingly we also found that WA treatment resulted in
decreased expression of CDK1 but not cyclin B1 in both LY-10
and LY-3 cells lines, which may lead to G2/M phase arrest.
Results of WA treatment on SudHL-6 cells were consistent with
the G2/M phase arrest seen in melanoma, glioblastoma, and cer-
vical cancer cells. Such G2/M arrest was seen in LY-10 and LY-3

Figure 5. Effect of WA treatment on the pro-survival factors of B cell lymphomas; all client proteins of Hsp90. (A) LY-10 and LY-3 lymphoma cells were
treated with 2.5 mMWA for varying time points or the appropriate volume of DMSO vehicle. Cells were harvested and total protein was isolated. Western
blots of lysates were first probed for pAkt (Ser473), stripped and then for total Akt. (B) LY-10 and LY-3 cells treated with 2.5 mM WA were first probed for
phosphorylated-SFK with pSrc (Y416) antibody and then probed for total Lyn, an SFK. (C) LY-10 and LY-3 cell lysates were probed for total protein levels
of Syk and Btk. (D) LY-10 and LY-3 cells treated with 2.5 mM WA were probed for total expression of Hsp90b and Hsp70. Densitometry values for total
protein were normalized to corresponding GAPDH band, whereas the phosphoprotein values were normalized to the corresponding total protein.
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lymphoma cells but interestingly with an addition of a G1/S
arrest (Fig. 2A) which could be due to a decrease in CDK4, a
kinase required for G1 progression.

18,31,32 These results support
the hypothesis that WA targets the activity of Hsp90 in DLBCL,
resulting in decreased expression of its client proteins that include
CDK1 and CDK4,33,34 which affect different phases of the cell
cycle, but does not have a significant effect on non-client proteins
of Hsp90 including CDK2 or cyclin A1 (Fig. S1). The many cli-
ent proteins of Hsp90 involved in different stages of the cell cycle
may be unique to different tumor models treated with WA, and
why we observe blocks at multiple phases of the cell cycle in
DLBCLs.

Many hematologic cancers are characterized by constitutive
activation of NF-kB, making it a key target of therapeutics.6

WA has been shown to inhibit TNF-a induced nuclear trans-
location of the p65 subunit of NF-kB in human lung epithe-
lial cells.35 Kaileh et. al. suggested that WA inhibits NF-kB by
inhibiting the IKKb kinase activity to phosphorylate IkB, the
inhibitor of NF-kB, and thus preventing the translocation of
the p65 subunit to the nucleus.22 This idea was further
expanded by Heyninck et. al., suggesting WA targets the
Cys179 residue of IKKb and inhibits the IKK complex
directly.36 Conversely, it has been suggested in lymphoma cells
that WA inhibits TNF-a induced ubiquitin dependent organi-
zation of the IKKg (NEMO) rather than targeting IKKb
directly.37 Although we cannot rule out the direct effects of
WA on IKKb, our data is consistent with the inhibitory effect
of WA on Hsp90 chaperone activity which can also lead to

Figure 6.Withaferin A inhibits B cell lymphoma growth in vivo. (A) WA significantly inhibited the subcutaneous tumor growth of A20-Luc, a murine B cell
lymphoma. Tumor size was measured through bioluminescence imaging. Images show growth of tumor at Day 13 comparing the vehicle treated ani-
mals (bottom) and WA treated animals (top). The numbers below the images refer to mouse tags. (B) Histogram depicts the average growth of tumor
over time comparing the vehicle and drug treatments. Size of tumor is measured in photons/sec/cm2. Error bars represent standard error of the mean
per group at each day of measurement. (C) Tumors were excised on Day 15 of the study and the percentage of CD19CYFPC cells were measured by flow
cytometry and compared between vehicle and WA treated groups.
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down regulation of total IKKa/b levels (Fig. 4C) resulting in
reduced translocation of p65 as shown by our fluorescence
imaging studies (Fig. 4A, B).

One study examining the mechanism of apoptosis in human
leukemia U937 cells suggested WA induced a decrease in Bcl-2,
Bcl-XL, and Mcl1 expression with activation of caspase-3.38

Bcl-2 is known to be a client protein of Hsp90.39 Surprisingly,
WA treatment did not reduce Bcl-2 levels in all of our DLBCL
cell lines except SudHL-6 cells (Fig. 3B, Fig. S5). One poten-
tial reason for the difference could due to the subtypes of
DLBCL. Many GCB-like DLBCL cells are associated with a
translocation between the short arm of chromosomes 14 and
18 allowing for the Bcl-2 gene to be under the Ig heavy chain
enhancer allowing for overexpression of Bcl-2.40 While Bcl-2 is
also expressed in ABC-like DLBCL, it may be regulated by a
different mechanism such as NF-kB activation.5 There was a
clear reduction in Mcl1 expression after WA treatment in all
DLBCL lines (Fig. 3B) which is consistent with other studies
suggesting that one mechanism by which DLBCL cells are
induced to undergo apoptosis by WA is through destabilization
of Mcl1.

Several studies have suggested that WA may induce apoptosis
of cancer cells through Par-4 dependent apoptotic mecha-
nisms.19,24,25 Par-4 is ubiquitously expressed, but is found to be
elevated in cancer cells, and requires both endogenous and
secreted forms to induce apoptosis. Surprisingly WA treatment
of DLBCL cell lines, SudHL-6 and LY-10, resulted in decreased
total and secreted protein expression levels of Par-4 (Fig. S2).
Par-4 is also known to be cleaved by caspase-3 and decreased pro-
tein levels were thought to be attributed to loss of the full pro-
tein.41 Surprisingly there was no increase in levels of cleaved Par-
4 during treatment with WA (data not shown) but a significant
decrease, which was not altered by inclusion of Z-VAD FMK, a
pan-caspase inhibitor (Fig. S2, and data not shown). These
results suggest that the B-lymphoma cells studied here do not
undergo Par-4 dependent apoptosis after WA treatment and the
mechanism of apoptosis is very likely dependent on decreased
NF-kB activity, loss of Mcl1 stability, and caspase activation.

We have observed that WA treatment results in the decrease of
activated and total Akt, a pro survival kinase (Fig. 5A). Other
groups have published similar findings on the inhibition of Akt
and have suggested that it may be a result of WA targeting the
intermediate filament, Vimentin.13,14 To determine if inhibition
of vimentin function is important in DLBCL, we examined the
effect of another inhibitor of vimentin, Arylquin 1, which is
thought to bind vimentin and induce Par-4 dependent apopto-
sis.42 We found that cytotoxicity required 10 fold higher concen-
tration of Arylquin 1 in DLBCL than shown in mouse
embryonic fibroblasts and PC-3 cells (data not shown).42 These
results suggest that WA inhibition of vimentin is not likely to be
the primary reason for decrease in Akt and apoptosis of DLBCL.
We suggest that the reduced protein levels of Akt are a result of
decreased Hsp90 function as Akt is a confirmed client protein of
the Hsp90/cdc37 chaperone complex.43,44 Some therapeutics
have targeted the PIP3/AKT cascade due to the constitutive acti-
vation of the pathway in a variety of cancers.45,46 Hence, WA

which affects this pathway may also be a key small molecule for
cancers that depend on enhanced Akt activity.

B cell lymphomas require BCR signaling for survival and
growth.9 SFKs, such as Lyn and Btk, and Syk involved in BCR
signaling were reduced after WA treatment and are also known
to be client proteins of Hsp90.47–49 These results are novel find-
ings as we are the first to show that WA inhibits key survival kin-
ases that are required for B cell growth.2,8

In conclusion, we have proposed a mechanism of action by
WA that encompasses the broad range of effects shown in
DLBCL. It is clear that WA has anti-cancer activities not only in
hematological malignancies but also in many solid tumor models
previously described. Based on the results presented here and the
findings of Yu et. al., we conclude that WA inhibits the growth
and survival of DLBCL by interacting and inhibiting the activity
of the chaperone Hsp90, resulting in reduced expression of its cli-
ent proteins.15 Studies also indicate that WA has no noticeable
toxicity on normal lymphocytes28, and our results illustrate that
WA does not appear to affect proliferating colon epithelial cells
in vivo. Further analyses on in vivo stability of WA and its effects
on normal tissues need to be completed in order evaluate the
clinical potential of WA as a therapeutic for DLBCL but current
findings are promising.

Material and Methods

Reagents
WA was isolated from extract of Withania somnifera (Sabinsa

Corp) using a series of solvent extractions and silica gel-based
vacuum liquid column chromatography at the University of
Louisville and at the laboratory of Dr. I. P. Singh, National Insti-
tute of Pharmaceutical Education Research (NIPER), India. The
isolated WA was found to be >94% pure by UPLC. Phospho
specific antibodies against Src (Y416) (#2101S), Akt (S473)
(#9271L), IKKa/b (S176/180) (#2687P) were obtained from
Cell Signaling Technologies. Antibodies against total Akt
(#9272S), IKK (#2682), Syk (#2712), Btk (#3533S), Mcl1
(#5453P) Hsp70 (#4872S), and GAPDH (#2118S) were also
obtained from Cell Signaling. Hsp90b (#GTX101448) antibody
was obtained from GeneTex, Inc.. Antibodies against total Lyn
(#SC-15), Par-4 (#SC-1807), Col1A (#SC-28657), and Bcl-2
(#SC-7382) were obtained from Santa Cruz Biotechnologies
(SCBT). Peroxidase coupled secondary antibodies were also
obtained from SCBT (#SC-2004, SC-2005).

Cell Proliferation and Survival Assays

Human and mouse B lymphoma cell lines have been
described previously.8,9,50 Luciferase and YFP expressing A20
B lymphoma cells were obtained from Dr. Scott Bryson with
permission from Dr. Negrin.51 Cell survival and proliferation
was determined by the 3-(4,5-dimethylthiazole-2-yl)-2,5-
biphenyl tetrazolium bromide (MTT) assay.52 Lymphoma
cells were cultured (1–1.5£105/well) in 96 well flat-bottom
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microtiter plates in 200ml media supplemented with 10%
fetal bovine serum (FBS) (Atlanta Biological Systems). The
cells were treated with 0–10 mM WA dissolved in DMSO
for 48hr and then media was changed and incubated with
MTT (0.5 mg/ml; Sigma Aldrich, M5655) for 4hr followed
by solubilization in acidic isopropanol and spectrophotomet-
ric measurements at 560 nm and 690 nm. The OD values
(560–690 nm) of cultures without WA were set to 100%.
DMSO concentration did not exceed 0.02% of culture
medium and had no measurable effect on cell viability.

Cell Apoptosis Analysis

B lymphoma cells (0.75 £ 105/ml) were treated with 0–
20mM WA for 2 days and then stained with Annexin V
(FITC, BD PharMingen, 556420) and propidium iodide (PI,
Sigma Aldrich, P4170) (1mg/ml). To determine if cells were
undergoing extrinsic Par-4 mediated apoptosis via secreted
Par-4, cells (0.75 £ 105/ml) were treated with 2.5 mM WA
for 6 hours and then media changed to low serum (0.05%
FBS). Cells were left to incubate for 12hr and the media con-
taining secreted Par-4 was then collected and concentrated.
The cell pellets were also collected to measure total protein
content.

Cell Cycle Analysis

B lymphoma cells (0.75 £ 105/ml) were treated with 0–
20mM WA for 48hrs and then fixed with cold 70% ethanol
for 1hr at 4�C and then incubated with a mixture of 1mg/ml
PI and 25 mg/ml RNase A (Sigma Aldrich, R6513) at 37�C
for 30 min. The level of PI fluorescence was measured with a
FACSCaliber flow cytometer. Cell populations in G1, S, G2/
M phase were calculated using ModFit Software.

NF-kB Nuclear Translocation Assay

B lymphoma cells (0.75 £ 105/ml) were incubated with
2.5mMWA for 2 and 4 hours and then fixed with cold 70% eth-
anol for 1hr at 4�C. Cells were blocked in 10% Normal goat
serum (NGS) for 1hr and then stained with primary antibody to
NF-kB p65. Cells were then stained with secondary DyLight
488 conjugated affini pure F(ab’)2 goat anti-rabbit antibody
(Jackson Immunoresearch, #111–486–046) for 1hr in the dark.
Cells were then stained with DAPI (Life Technologies, #D1306)
for 15 min. Cells were washed and then resuspended in Prolong
Gold Anti-Fade Reagent (Life Technologies, #P36930). Cells
were viewed on a FV1000 confocal microscope. At least 16 fields
were counted and data represents mean § SD of triplicate sam-
ples. Statistical significance of difference between groups was
determined by ANOVA.

Western Blot Analysis

B lymphoma cells (5 £ 106 cells) were cultured in a 60mm
tissue culture dish at 0.75 £ 105/ml for various time points with
vehicle or 2.5 mM WA treatment. Cells were lysed with Cell Sig-
naling Lysis buffer (#9803S). Western blot analysis was per-
formed as described previously.50 Intensities of bands were
quantified using the Gel Analysis method of the NIH ImageJ
program. All blots were normalized to Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH, Cell Signaling, #2118S)
expression.

In vivo tumor inhibition study
16-20 week old female Balb/c mice (Jackson Labs) were given

a sublethal dose of 4 Gy radiation. Mice were injected subcutane-
ously with 5 £105 A20-Luc murine B lymphoma cells with 1:1
Matrigel (BD Biosciences, #354234) in 100ml volume 2hr after
irradiation. Cell growth was measured utilizing IVIS Spectrum
Luminescent imager after injecting 30mg/kg luciferin potassium
salt (Luciferin D) (Regis Technologies, Inc. #360222) substrate
intraperitoneally to each mouse. Bioluminescence which is pro-
portional to the size of the tumor was measured by radiance
quantified as photons/sec/cm2. Once tumors reached 1.5£105 p/
sec/cm2 (average of 3 days), mice were randomly divided into
vehicle vs. drug treated groups. Animals received 12mg/kg WA
[delivered in 10% DMSO, 90% Glyceryl trioctanoate (Sigma
Aldrich, #T9126)] or vehicle every other day for 2 weeks.53

Tumor size was measured every 3 days by bioluminescence imag-
ing. Mice were sacrificed after 15 days; spleens and tumors were
excised homogenized and stained for CD19 (Biolegend,
#115508). A20-Luc Tumor cells were analyzed by flow cytome-
try by gating on YFPCCD19C cells. Tumor growth was plotted
over time based on the radiance measurements quantified by the
Living Image Acquisition/Analysis Software Package. Colon tis-
sues were collected and fixed in 10% Formalin (Fisher Scientific,
#SF93–4). Tissue sections were cut and stained for Hematoxylin
and Eosin provided by the Imaging and Histology Facility at the
University of Kentucky. All animals were housed and maintained
by the Department of Laboratory Animal Resources at the Uni-
versity of Kentucky (Lexington, KY). All animal studies were
approved by the Institutional Animal Care and Use Committee
and were carried out in accordance with the Animal Welfare Act.
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