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c-MYC is a highly unstable protein that is regulated by 
the ubiquitin-proteasome system (UPS), following se-
ries of post-translational modification.15,43  Any 
dysregulation in c-MYC expression or in the post-
translation modification that delays or prevent its pro-
teasome mediated degradation may result in upregu-
lation of MYC regulated pro-proliferative genes. Im-
portantly, c-MYC over-expression not only drives can-
cer growth, it also induces oncogenic transformation, 
chemoresistance and disease relapse.44  
        Considering the structurally disordered nature of 
c-MYC, we evaluated the efficacy of our previously re-
ported 20S proteasome enhancer, TCH-165, on the in-
duction of c-MYC degradation. We found that c-MYC 
protein levels were rapidly reduced (within 4 hours) in 
a concentration-dependent manner in the hematolog-
ical cancer cell lines, RMPI-8226 and CCRF-CEM to 
TCH-165.  Co-treatment with the proteasome inhibi-
tor, bortezomib, prevented the TCH-165 induced deg-
radation of c-MYC, thereby implicating the pro-
teasome as the protease responsible. Furthermore, 
MYC mRNA remained unchanged upon TCH-165 treat-
ment in RPMI-8226 cells, whereas a modest but dose 
dependent decrease was observed in CCRF-CEM cells. 
This modest difference in the c-MYC mRNA levels be-
tween the two cell lines may not be surprising consid-
ering the extraordinarily high level of c-MYC RNA in 
RPMI-8226 cells compared to the CCRF-CEM cells (Fig. 
3), as well as the intrinsic differences between the 
cancer driving pathways of those cancer cell lines (Fig. 
2C and Fig. S3B). Even though relatively few genes 
were affected by TCH-165 treatment, both cell lines 
differentially expressed multiple c-MYC target genes, 
including TCF3, NOTCH1, DDIT3, DDIT4, and VEGFA. 
These studies indicate that enhanced 20S proteasome 
activity primarily induces the degradation of excessive 
(for example, overexpressed) IDPs and that “normal” 
levels of IDPs may not be significantly affected, 
thereby initially only affecting a relatively small set of 
proteins, and consequently gene targets. 
          Proteasome inhibitors including bortezomib are 
the initial treatment option in various hematologic 
malignancies, unfortunately many patients relapse or 
may not respond to treatment at all (refractory pa-
tients). Overcoming resistance is critical in the search 
for new therapeutic approaches. The 20S proteasome 
enhancer, TCH-165, was found to be effective in 
bortezomib resistant cell lines, as well as in primary 
cells from a patient who did not respond (refractory) 

to bortezomib treatment. Whether or not the de-
crease in c-MYC protein by 20S proteasome enhance-
ment is responsible for overcoming this resistance is 
not currently known, but an intriguing possibility. 
        The translational efficacy of the 20S proteasome 
enhancer was evaluated in an RPMI-8226, multiple 
myeloma xenograft model. TCH-165 when adminis-
tered to mice at 100 mg/kg twice daily resulted in 
plasma concentrations approximating the AC200. At 
this dose, a significant inhibition of tumor growth was 
observed (Fig. 4A-B) in the mice multiple myeloma 
xenograft model. The treatment was well tolerated by 
the mice, with <10% loss of body weight, resulting in 
76% reduction of tumor growth. More detailed toler-
ance of 20S enhancement by TCH-165 was examined 
by approximating the AUC and Cmax of the mouse 
study in beagles (n = 3) with TCH-165 treatment for 
five consecutive days (oral capsule, 50mg/Kg, bid). 
Clinical observation, body weight (<1% change), as 
well as the standard complete blood count (37 crite-
ria) and clinical chemistry (29 criteria) following this 
five-day tolerance study identified no significant 
changes compared to pre-treatment evaluations. 
These studies demonstrated the first translational 
anti-tumor efficacy and acceptable tolerance in vivo of 
the 20S enhancer, TCH-165, and support further pre-
clinical investigations in MM disease models that 
more accurately recapitulate hematological dis-
eases.45 Overall, the active concentration at which 
TCH-165 doubles 20S proteasome activity (AC200 
1.5M) corresponded well to the effective concentra-
tion required to induce 50% cell death (CC50) in various 
cell culture, and corresponded to the Cmax obtained 
in vivo, and required to  inhibit tumor growth. 
        Our data combined indicate that enhancing the 
20S proteolytic activity, using TCH-165, targets exces-
sive levels of disease-driving disordered proteins, with 
relatively few changes to the cellular proteome. 20S 
proteasome enhancement reduces c-MYC protein lev-
els, which may be responsible for its anti-cancer effi-
cacy, however other disordered protein targets can-
not be excluded. Gene expression of various cancer 
pathways showed a decrease in expression of several 
tumor promoting genes and an increase in pro-apop-
totic genes in cancer cell lines. Importantly, the 20S 
proteasome enhancer was well tolerated both in vitro 
and in vivo, thereby validating this new approach for 
further therapeutic assessment for various IDP-driven 
proteotoxic disorders.  
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EXPERIMENTAL PROCEDURES 
 

In vitro 20S proteasome mediated degradation of c-
MYC. Varying concentrations of purified 20S pro-
teasome (final concentrations ranging from 0-240 nM) 
in assay buffer (50 mM Tris-HCl buffer, pH 7.8) were 
incubated with purified c-MYC (final concentration 0.5 
µM) for 48 hours at 37 °C. Following incubation, 
GAPDH was added to a final concentration of 0.5 µM 
as a loading control, and the samples were boiled at 
90 °C with 5X SDS loading buffer. The samples were 
resolved on a 4-20% Tris/glycine gel and transferred 
to a PVDF membrane. The membrane was probed 
with anti c-MYC (Cell signaling; cat#5605) and anti-
GAPDH-HRP (Santa Cruz; sc-47724) antibodies.   

Cell culture 
RPMI-8226 and CCRF-CEM cells from ATCC were main-
tained in RPMI medium supplemented with 10% Fetal 
Bovine Serum, and 100U/mL Penicillin/Streptomycin, 
at 37οC with 5% CO2. DMSO was used as compound 
vehicle or vehicle control at 1% final concentration for 
both cell culture and enzyme assay. 
 
Primary cell culture and cell viability 
Bone marrow aspirates were obtained by Dr. Isaac 
Daniel or by Dr. Omar Alkharabsheh, following stand-
ard protocol. WBCs were separated from RBCs by ficoll 
density gradient. Multiple myeloma cells were then 
isolated from WBCs using human CD138 affinity mag-
netic beads (Miltenyi Biotec; cat#130-093-062) fol-
lowing the manufacturer’s protocol. Cells were cryo-
preserved in 10% DMSO in FBS. Revived cells were 
maintained in RPMI medium with 10% FBS for 10 days 
prior to treatment. Primary or established cells 
(10,000/well) were seeded  in 96-well plate in 100μL 
medium and treated with TCH-165 or Bortezomib for 
72h. Cells were equilibrated to RT and CellTiter-Glo 
(Promega) solution (100μL) added and incubated with 
shaking for 10 minutes at RT. Assay plate was then al-
lowed to equilibrate for 5 minutes at RT and lumines-
cent readings taken on a SpectraMax M5e. Data are 
presented as a percentage of the vehicle control for 
each experimental condition, after background sub-
traction. Error bars represent SD for triplicate wells. 
 
Proteasome activity in purified protein assay 
Proteasome activity were carried out as previously re-
ported.25 

 
c-MYC degradation in RPMI-8226 and CCRF-CEM cells 
CCRF-CEM or RPMI-8226 cells were grown to approxi-
mately 80% confluency in a T-75 flask. Cells were 
treated with either vehicle (DMSO) or TCH-165 at the 
indicated concentrations, for 4h. In experiments in-
volving bortezomibs, cells were pretreated with borte-
zomib (5μM) for 1h before adding TCH-165 or vehicle 
for a further 4h. Cells were pelleted and washed with 
chilled PBS buffer (2X) and resuspended in chilled RIPA 
buffer supplemented with sigmafast protease inhibi-
tor cocktail (Sigma Aldrich). Total protein was quanti-
fied by bicinchoninic acid assay (BCA assay, Ther-
mofisher Scientific), normalized to 2mg/mL and boiled 
with 5X SDS loading buffer. Equal amounts of lysates 
(30μg) were resolved on a 4-20% Tris/glycine gel and 
transferred to a PVDF membrane. Membrane was 
probed with anti c-MYC (Cell signaling; cat#5605)  
 and anti-GAPDH-HRP (Santa Cruz; sc-47724 HRP) an-
tibodies. 
 
Gene expression profiling of CCRF-CEM and RPMI-
8226 cells 
CCRF-CEM cells or RPMI-8226 cells were treated with 
vehicle, TCH-165 (5μM or 10μM) for 4h or 8h. Total 
RNA was obtained using mirVana™ miRNA Isolation 
Kit, with phenol (Thermofisher Sientific; AM1560). To-
tal mRNAs were quantified by Qubit (Thermofisher 
Scientific; Q32855) and gene expression evaluated 
against the PanCancer Pathways panel using standard 
NanoString protocol. 
 
Pharmacokinetic assessment of TCH-165 
PK study was carried out with CD-1 mice (males, 6-8 
weeks of age, n=3 per treatment group) weighing be-
tween 24.9 g to 33.7 g immediately prior to dosing. 
TCH-165 (100 mg/kg) was administered by oral ga-
vage, as a homogeneous suspension in a 3:7 (v/v) pro-
pylene glycol: 5% dextrose as vehicle. A second dose 
of 100 mg/kg TCH-165 was administered approxi-
mately 8 hours post-initial gavage. Blood was collected 
at 0.5h, 1h, 2h, 4h, 8h, 9h, 10h, 12h, and 16h post-ini-
tial gavage in Li-Heparin tubes. Plasma was separated 
by centrifugation and analyzed using mass spectrom-
etry.  
 
Pharmacokinetic assessment and tolerance in dogs 
Adult beagle dogs (male, 12 months of age, n=3) 
weighing approximately 10Kg received a single oral 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 24, 2020. ; https://doi.org/10.1101/2020.08.24.265470doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.24.265470
http://creativecommons.org/licenses/by-nd/4.0/


9 

 

dose of test compound at 500 mg bid delivered in cap-
sule form. Blood (approximately 2.5 mL) was collected 
into lithium heparin tubes at 0, 1h, 2h, 4h, 8h, and 24h 
post-day 1 and post-day 5 dose for PK assessment us-
ing mass spectrometry. Blood (approximately 2 mL) 
was also collected and divided into EDTA and standard 
clot tubes at day 6 post-dose for determination of CBC 
and Clinical chemistry parameters, respectively. Clini-
cal observations were conducted daily on non-dosing 
days and twice on dosing days.  
 
Proteasome Activity in Canine PBMC Lysate 
Canine blood samples obtained in BD Vacutainer® 
CPT™ mononuclear cell preparation tubes (treated 
with sodium citrate) and were used to isolate PBMCs. 
For PBMC isolation, sample tubes were inverted five 
times and equilibrated for the centrifuge with sterile 
PBS buffer. Tubes were centrifuged at 1800 xg with ac-
celeration set at 5 and break set to 0 at room temper-
ature for 30 minutes. Half of the plasma layer was dis-
carded. Using a sterile Pasteur pipette the buffy coat 
was collected and put into a 15 mL conical tube and 
sterile PBS buffer was added to 10 mL. The conical 
tubes were centrifuged at 300 xg for 10 minutes and 
the supernatant was removed. Cells were resus-
pended in 150 µL of lysis buffer (50 mM Tris-HCl, 2 mM 
Na2ATP, 5 mM MgCl2, 0.5 mM EDTA, 10% glycerol) and 
lysed by vortex. Samples were centrifuged for 20 
minutes at 14,000 xg. Total protein concentration of 
the supernatant was determined using bicinchoninic 
acid assay (BCA assay), and the samples were normal-
ized to 1 mg/mL. Samples were diluted to 0.036 µg/µL 
in assay buffer (38 mM Tris, 100 mM NaCl, pH 7.8) and 
140 µL of the diluted sample was added to three wells 
of a black, clear-bottom 96-well plate. Substrate stock 
solution (10 µL of 375 µM Suc-LLVY-AMC in assay 
buffer) was added to each well. Fluorescence was 
measured by kinetic readings taken every 5 minutes 
at 37 °C, at 380/440 nm for 1 h. 
 
RPMI-8226 xenograft tumor model 
CB17-SCID mice (Female, 3-4 weeks of age) were in-
jected subcutaneously with 1.2 x 107 cells per animal. 
Treatment was initiated when tumors reached 
~50mm3. Tumor dimensions were measured three 
times weekly using digital calipers. Body weights were 
measured three times weekly. TCH-165 (150mg/kg on 
day 1, reduced to 100mg/Kg on day 2 and for the re-
mainder of the study), was prepared as a homogene-

ous suspension in a 3:7 (v/v) propylene glycol: 5% dex-
trose vehicle. Bortezomib (0.375 mg/Kg-day 0, 0.18 
mg/Kg-day 2, 0.09 mg/Kg day 5 and beyond) was given 
3X per week intravenously. Bortezomib was reduced 
to 0.09 mg/kg per treatment for the remainder of the 
study, due to weight loss at higher doses. 
 
SUPPLEMENTAL INFORMATION 
The supporting Information includes Supplemental Ex-
perimental Procedures and twelve figures referenced 
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