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Oncogene MYC is deregulated in many human cancers, especially in lymphoma. Previously, we showed that
inauhzin (INZ) activates p53 and inhibits tumor growth. However, whether INZ could suppress cancer cell growth
independently of p53 activity is still elusive. Here, we report that INZ(c), a second generation of INZ, suppresses c-Myc
activity and thus inhibits growth of human lymphoma cells in a p53-independent manner. INZ(c) treatment decreased
c-Myc expression at both mRNA and protein level, and suppressed c-Myc transcriptional activity in human Burkitt's
lymphoma Raji cells with mutant p53. Also, we showed that overexpressing ectopic c-Myc rescues the inhibition of cell
proliferation by INZ(c) in Raji cells, implicating c-Myc activity is targeted by INZ(c). Interestingly, the effect of INZ(c) on c-
Myc expression was impaired by disrupting the targeting of c-Myc mRNA by miRNAs via knockdown of ribosomal
protein (RP) L5, RPL11, or Ago2, a subunit of RISC complex, indicating that INZ(c) targets c-Myc via miRNA pathways.
These results reveal a new mechanism that INZ(c) targets c-Myc activity in human lymphoma cells.

Introduction

c-Myc is an oncoprotein that transcriptionally regulates the
expression of numerous genes involved in cell growth and prolifer-
ation."? Therefore, in normal cells c-Myc expression is highly reg-
ulated by multiple mechanisms, and deregulation of c-Myc is
identified in many cancers.”® As c-Myc activation has been
reported to be required for a number of essential cellular processes,
such as ribosome biogenesis, metabolic adaptation, cell survival,
and cell division, which are vital for the growth of cancer cells, it
is believed that inhibition of c-Myc activation could suppress can-
cer development."'” Indeed, a number of studies have shown that
tumor aggression and poor clinical outcome correlate with amplifi-
cation of c-Myc by mutations or chromosomal abnormities in
patients.'' ™' In addition, while growth factors are usually required
for proliferation of normal cells, it has been reported that cancer
cells with abnormal high level of ¢-Myc expression manage to
grow and proliferate without growth factor stimulation, suggesting
c-Myc could be a great therapeutic target for cancers with overex-
pression of c-Myc, such as lymphoma.'?!%17-20

Previously, we identified a small molecule called Inauhzin
(INZ) that could activate p53 by suppressing SIRT1 activity,
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leading to cell cycle arrest and apoptosis of cancer cells without
introducing detectable DNA damage to cells."” Transcriptome
analysis of cells treated with INZ showed that over 200 p53 tar-
gets were induced by INZ, suggesting INZ is indeed a p53 activa-
showed that INZ could p53
synergistically with Nutlin-3, an Mdm?2 inhibitor, and sensitize
cancer cells to chemotherapeutic drugs, such as cisplatin and

tor.'®  Also, we activate

doxorubicin.'””'® In addition, in xenograft mouse model, INZ
treatment reduced tumor size and promoted survival of tumor-
bearing mice, suggesting INZ suppresses tumorigenesis and
could be a potential drug for cancer therapy.'” Very recently, we
found that INZ can cause ribosomal stress by inhibiting cellular
IMPDH2 activity and reducing cellular GTP level, consequently
decreasing the level of nucleostemin,'” a nucleolar GTP-binding
protein important for rRNA processing.””*' This study provides
a second mechanism for INZ activation of p53.19 However,
whether INZ could inhibit cancer development by targeting
other oncoproteins remains unknown.

Here, we show that INZ(c), a second generation of INZ with
better bioavailability and potency,”” suppresses c-Myc expression
and thus inhibits growth and proliferation of both of the human
wild type p53-containing and deficient lymphoma cells.
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Interestingly, disrupting miRNA function in these cells abrogated
the inhibitory effect of INZ on c-Myc expression, indicating that
INZ(c) targets c-Myc via miRNAs. Hence, these findings dem-
onstrate a new mechanism that INZ(c) could inhibit cancer cell
growth by targeting c-Myc in a p53-independent fashion.

Results

INZ(c) suppresses c-Myc expression in a p53-independent
manner

Previously, we reported that INZ and its analogs activate p53 and
thus inhibit cancer cell growth.1 51822 However, whether INZ could
function to suppress the expression of c-Myc and inhibit lymphoma
cell growth remains unknown. To this end, we treated human lym-
phoma Boston cells with INZ(c), an INZ analog with better
potency.”> As shown in Figure 1A, INZ(c) treatment dramatically
decreased c-Myc mRNA level in a dose dependent fashion. As p53
had been reported to suppress c-Myc expression via miRNAs,* we
next tested whether INZ(c) could suppress c-Myc expression in
human lymphoma Raji cells without active p53 to see if p53 is dis-
pensable for this regulation. As shown in Figure 1A, INZ(c) also
inhibited the expression of c-Myc mRNA in Raji cells, indicating
the targeting of c-Myc by INZ(c) is independent of p53 activity in
cells. In addition, our results showed that c-Myc protein expression
is suppressed dramatically by INZ(c) in Boston (with wild-type
p53), Raji (with mutant p53), and H1299 (without p53) cells

(Fig. 1B to D). These findings suggest that INZ(c) suppresses c-
Myc expression in a p53-independent manner.

INZ(c) suppresses growth of lymphoma cells

As c-Myc is deregulated in many cancers especially in lym-
phoma,3 < we next tested whether INZ(c) could inhibit lymphoma
cell growth by targeting c-Myc. c-Myc transcriptionally regulates the
expression of a large number of genes and promotes cell prolifera-
tion."” To determine whether c-Myc transcriptional activity is sup-
pressed by INZ(c), we first carried out q-RT-PCR to test the effect
of INZ(c) on the expression of C23, a known c-Myc target.”* As
expected, INZ(c) treatment decreased C23 mRNA level significantly
in both Boston and Raji cells (Fig. 2A), indicating INZ(c) indeed
suppresses ¢-Myc transcriptional activity. Since c-Myc transcrip-
tional activity is important for proliferation of cancer cells,"”* we
speculated that INZ(c) might inhibit cell growth by targeting c-
Myc. As shown in Figure 2B, a low concentration (0.63 pM) of
INZ(c) dramatically inhibited the proliferation of Raji cells. This
result was confirmed by the MTT assay that showed INZ(c) sup-
presses cell viability of Raji cells too (Fig. 2C). To further validate
these results, we carried out FACS analysis and showed that INZ(c)
treatment decreases the number of cells in S phase and arrests cells at
G1 phase dose-dependently (Fig. 2D), which is in line with litera-
ture showing c-Myc activity is required for cells to enter S phase.”®

These results show that INZ(c) inhibits the growth of lymphoma

cells.
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Figure 1. INZ(c) inhibits c-Myc expression. (A) INZ(c) treatment decreases c-Myc mRNA level. H1299
cells were treated with various concentrations of INZ(c) for 24 h. c-Myc mRNA was determined by g-
RT-PCR. (B) INZ(c) reduces c-Myc protein level. H1299 cells were treated with 2 wM INZ(c) for 0, 4, 8,
12 or 24 h. (C) Suppression of c-Myc expression by INZ(c) is independent of p53 activity. Boston and
RAJI cells were treated with various concentrations of Inauhzin-C for 24 h. Cell lysates were prepared
and subjected to Western blotting for c-Myc. (D) H1299 cells were treated with various concentrations
of Inauhzin-C for 24 h. Western blotting was conducted to determine expression of c-Myc.

INZ(c) targets c-Myc via miRNAs

Interestingly, we found that while INZ
(c) suppresses the expression of endoge-
nous ¢-Myc, the level of ectopic c-Myc

expressed by transfecting cells with recom-
bination DNA is not affected by INZ(c)
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treatments (Fig. 3A), suggesting that INZ
(c) might target -Myc via miRNAs, as
recombinant DNA does not have the 3’
UTR where most miRNAs target. To test
this hypothesis, we treated both Boston
and Raji cells with INZ(c), and checked
the expression of miR-24 and miR-34a,
which have been reported to target ¢
Myc.?*% Intriguingly, both miR-24 and
miR-34a were induced by INZ(c) treat-
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processing and function,”®*?° to
whether disrupting miRNA functions in
cells could affect the regulation of c-Myc
by INZ(c). As shown in Figure 4B, the 004
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down, which is consistent with literature
showing that knocking down RISC com-
plex could affect the level of mature miR-
NAs. 3132 Interestingly, Ago2 knockdown
impaired the targeting of c-Myc by INZ(c)
as shown in Figure 4C, suggesting INZ(c)
regulates c-Myc expression via the miRNA
pathway.

Figure 2. INZ(c) inhibits c-Myc transcriptional activity and suppresses cell growth. (A) INZ(c)
suppresses c-Myc transcription activity. Total RNAs were isolated from Boston and Raji cells treated
with indicated concentrations of INZ(c) for 24 hours. C23 mRNA level was dertermined by g-RT-PCR.
Data represent means =+ SD. (B) INZ(c) inhibits cell Proliferation. Proliferation assay was carried out
for Raji cells treated with 0, 0.63, or 2.5 INZ(c) at indicated time points. Data represent means =+ SD.
(C) INZ(c) decreases viability of Raji cells. Raji cells were treated with indicated concentrations of INZ
(c) and then subjected to cell viability assay. Data represent means =+ SD. (D) INZ(c) decreases the
number of cells in S phase. Raji cells were treated with indicated concentration of INZ(c) and sub-
jected to flow cytometer for cell cycle analysis.

RPL5 and RPL11 are required for
the targeting of c-Myc by INZ(c)

Recently, both our lab and another group have reported that
RPL5 and RPLI1 can recruit a miRNA complex that binds to
and inhibits c-Myc mRNA.>3 To further confirm that INZ(c)
regulates c-Myc expression through a miRNA pathway, we next
tested whether RPL5 and RPL11 are required for this regulation.
To this end, RPL5 and RPL11 were knocked down in cells, and
the expressions of c-Myc protein and mRNA were determined by
western blot and q-RT-PCR, respectively. As expected, knocking
down either RPL11 or RPL5 rescued the targeting of c-Myc by
INZ(c) at both protein and mRNA levels (Fig. 5), confirming
that the RPL11/RPL5-miRNA axis is indispensible for the inhib-
itory effect of INZ(c) on c-Myc expression. Taken together, our
results reveal a new pathway that INZ(c) utilizes to target c-Myc
expression and inhibit cancer cell growth.

INZ(c) cooperatively suppresses c-Myc expression with
doxorubicin

We previously showed that INZ does not introduce noticeable
DNA damage'” and could sensitize p53-dependent cytotoxicity
and tumor suppression of chemotherapeutic agents, such as doxo-
rubicin (Dox)."” Therefore, we next checked whether INZ(c) could
cooperatively target c-Myc expression with doxorubicin, as doxoru-
bicin had been shown to suppress c-Myc expression.”” To test this
hypothesis, we treated cells with INZ(c) alone, Dox alone, or both
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of them, and observed that INZ(c) cooperatively inhibited c-Myc
expression with Dox (Fig. 6), suggesting INZ(c) could sensitize
cytotoxicity of Dox by targeting c-Myc expression. These results
implicate that INZ(c) could be used to decrease the dose of chemo-
therapeutic drugs and reduce DNA damage to normal tissues dur-
ing chemotherapy.

Discussion

c-Myc deregulation is highly associated with lymphoma develop-
ment, which suggests that targeting c-Myc could be a good thera-
peutic strategy for the management of lymphoma patients.'>'%17-2
Previously we showed that INZ activates p53 and functions to sup-
press tumorigenesis without introducing DNA damage to cells.”™
1822 However, whether INZ(c) could inhibit cancer cell growth
independently of p53 is still unknown. In this study, we identified
that INZ(c) suppresses c-Myc expression and inhibits cell growth
and proliferation of lymphoma cells via a miRNA pathway. First,
we showed that INZ(c) suppresses the expression of c-Myc at both
mRNA and protein levels in lymphoma cells with or without wild
type p53 (Fig. 1). Consistently, we found that INZ(c) treatment
decreases c-Myc transcriptional activity and suppresses growth of
lymphoma cells (Fig. 2). Also, intriguingly, putting back ectopic c-
Myc into lymphoma cells rescued the inhibitory effect of INZ(c) on
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Figure 3. Ectopic c-Myc rescues the inhibitory effect of INZ(c) on cell growth. (A) H1299 cells were
treated with ad-c-Myc as indicated and treated with INZ(c) for 24 h. Cell lysates were prepared and sub-
jected to Western blotting for c-Myc and actin. (B) Overexpression of c-Myc rescues the inhibitory
effect of INZ(c) on c-Myc activity. Cells were treated with ad-c-Myc as indicated and incubated with INZ
(c) for 24 h. Real-time PCR was performed to determine c23 mRNA. (C) and (D) Ectopic c-Myc rescues
the inhibitory effect of INZ(c) on cell growth. Boston (C) and Raji (D) Cells were treated with ad-c-Myc
as indicated and incubated with INZ(c) for 24 hours. Cells were then harvested and subject to WST cell

growth assay. Values represent means =+ SD (n = 3).

cell growth, suggesting that the c-Myc
pathway is indeed targeted by INZ(c)
(Fig. 3). In additon, we found that the
targeting of c-Myc by miRNA is indis-
pensable for the effect of INZ(c) on c-
Myc expression, for knocking down
Ago2 or ribosomal proteins, RPL5 and
RPL11, which had been shown to facili-
tate the targeting of ¢-Myc by miR-
NAs,?#2%333% impaired the regulation of
c-Myc by INZ(c) (Figs. 4 and 5). Finally,
we uncovered that INZ(c) and doxorubi-
cin act together to repress c-Myc expres-
sion cooperatively (Fig. 6). These results
demonstrate that INZ(c) could suppress
lymphoma cell growth independent of
p53 by inhibiting c-Myc expression
(Fig. 6C).

Both overexpression of c-Myc and
disruption of p53 normal activity are
highly associated with human can-
cers.’®?® Tt is therefore logical to
assume that developing drugs targeting
both pathways simultaneously might
provide better outcomes for cancer
therapy. Interestingly, a number of
proteins, including ARF, RPL11, and
RPL5,24333%39-48 1ad been identified
to target both c-Myc and p53 pathways
in cells, suggesting that screening drugs
that target these 2 pathways is possible.
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Figure 4. Inauhzin-C targets c-Myc via miRNAs. (A) INZ(c) increases miR-24 and miR-34a level. Boston and Raji cells were treated with INZ(c) for
24 hours. RNA was isolated and subjected to g-RT-PCR to determine miR-24 and miR-34a level. (B) Ago2 knockdown abrogates the induction of miR-24
and miR-34a by INZ(c). Cells were treated with INZ(c) after incubating with Ago2 siRNA for 48 hours. Real-time PCR was performed to determine the level
of miR-24 and miR-34a. (C) Ago2 knockdown impairs the inhibitory effect of INZ(c) on c-Myc expression. H1299 cells treated with indicated siRNAs and
drugs were harvested for g-RT-PCR assay. Data are presented as means =+ SD.
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Recently, we also identified IMPDH2 as
another target of INZ, and inhibiting
cellular IMPDH2 activity led to the
decrease of cellular GTP and nucleoste-
min levels, consequently causing ribo-
somal stress that leads to p53
activation.'” Consistent with this recent
work,'” our study presented here also
demonstrated the requirement of RPL11
and RPL5 for INZ(c) inactivation of c-
Myc (Fig. 5), suggesting that INZ might
also inactivate c-Myc by inducing ribo-
somal stress. This study together with
our previously and recently published
data”'”?*? show that INZ(c) can not
only activate p53 and suppress tumori-
genesis of cancers with wild type p53,
but also repress c-Myc expression and
inhibit growth of cancer cells with over-
expression of c-Myec.

Cancer cells often become resistant to
DNA damaging agents during chemo-
therapy, especially when tumor cells are
treated with high concentrations of
drugs.49’52 One of
underlying chemoresistance is that cancer

the mechanisms

cells manage to promote c-Myc expres-
sion after exposure to chemotherapeutic
drugs, indicating elevated c-Myc expres-
sion might be at least partially responsi-

ble for chemoresistance of cancers.’>>> Here we showed that

INZ(c) represses c-Myc expression via miRNA pathways, provid-

ing a potential drug to inhibit or delay
drug resistance of cancer cells during che-
motherapy. Further studies on the effect
of INZ(c) on the growth of drug-resistant
cancer cells would provide more informa-
tion about how INZ(c) functions to facil-
itate or re-sensitize drug-resistant cancer
cells to chemotherapeutic agents.

Materials and Methods

Cell culture

Boston and RAJI cells were main-
tained in RPMI1640 medium supple-
mented 10% fetal bovine serum (FBS),
50 U/ml penicillin and 0.1 mg/ml strep-
tomycin at 37°C in a 5% CO,-humidi-
fied atmosphere. H1299 and MCF7 cells
were maintained in DMEM medium
supplemented 10% fetal bovine serum
(EBS), 50 U/ml penicillin and 0.1 mg/
ml streptomycin at 37°C in a 5% CO,-
humidified atmosphere. Adenoviruses to
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Figure 5. RPL11 and RPL5 are required for the targeting of c-Myc by INZ(c). (A) and (B) Knocking
down RPL11 (A) and RPL5 (B) rescues the suppression of c-Myc protein expression by INZ(c). H1299
cells transfected with indicated plasmids and harvested for WB analysis to check the expression of c-
Myc, RPL11, RPL5, and actin. (C) Knocking down RPL11 or RPL5 impairs the inhibitory effect of INZ(c)
on c-Myc mRNA expression. H1299 cells treated with indicated drugs and siRNAs were harvested
and subjected to qRT-PCR analysis.
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Figure 6. INZ(c) cooperatively decreases c-Myc expression with doxorubicin. (A) H1299 cells
were treated both INZ(c) and Doxorubicin for 24 h and subjected to Western blotting for c-Myc and
actin. (B) Raji cells were treated both INZ(c) and Doxorubicin for 24 h and subjected to Western blot-
ting for c-Myc and actin. (C) A schematic model for the targeting of c-Myc by INZ(c).
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Cytotoxicity assay

Cytotoxic effects of Inauhzin-c Boston and Raji cells were
evaluated by cell counting kit (Dojindo Molecular Technologies
Inc.., Gaithersburg, Maryland). Cells were seeded onto 96-well
micro plates at a density of 2 x 10* cells per well and exposed to
various concentrations of Inauhzin-c for 24 h. The cells were
incubated WST-8 at a final concentration of 10% to each well
and incubate for 2 h. Optical density (OD) was measured using
a micro plate reader (Molecular Device, SpectraMax M5€) at
450 nm. Cell viability was calculated as a percentage of viable
cells in drug-treated group versus untreated control by following
equation.

Cell viability (%) = [OD (Drug)—OD (Blank)]/[OD
(Control)—OD (Blank)] x 100

‘Western blot analysis

Cells were lysed in lysis buffer (50 mM Tris-HCl, pH 7.4,
150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1 mM EDTA,
1 mM NazVOy, 1 mMNaF, protease inhibitors cocktail). The
extracts were incubated on ice for 30 min and supernatants were
collected by centrifugation at 14,000g at 4°C. Proteins were sep-
arated by electrophoresis on 10-15% SDS-PAGE gel and trans-
ferred onto membrane with transfer buffer (25 mMTris,
250 mM glycine, 15% methanol) at 15V, 1.0A for 35 min. The
membrane was blocked in 5% nonfat skim milk, and probed
with primary antibodies for c-Myc (Abcam, Cambridge, United
Kingdom), Cyclin D1, Cyclin E, and LC3A/B (Cell Signaling
Tech., Danvers, MA), SIRT1 and RPS14 (Santa Cruz Biotech-
nologies, Santa Cruz, CA), RPL5 and RPLI1 antibodies have

been described.>4*4

Cell cycle analysis

Cell cycle analysis was performed by PI staining. Boston and
Raji cells were treated with Inauhzin-c for 24 h, collected and
fixed in 75% ethanol. The cells were then incubated at 37°C
with 0.1% RNaseA in PBS for 30 min and suspended in PBS
containing 25 pg/ml PtdIns for 30 min at room temperature.
The stained cells were analyzed for DNA content in FACSCali-
bur (Becton Dickinson, Franklin Lakes, NJ) using the Cell Quest
program (Becton Dickinson, Franklin Lakes, NJ).

Reverse transcription (RT) and quantitative (q) PCR
analysis

Total RNA was isolated from cells using Trizol (Invitrogen,
Carlsbad, CA) according to the manufacturer’s protocol. A
reverse transcription kit (Promega, Fitchburg, WI) was used to
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