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Abstract
SHetA2 is a promising, orally active small molecule with anticancer properties that target heat shock proteins. In this 
study, we aimed to investigate the pharmacodynamic (PD) effects of SHetA2 using preclinical in vitro and in vivo models 
of ovarian cancer and establish a physiologically based pharmacokinetic (PBPK)/PD model to describe their relationships 
with SHetA2 concentrations in mice. We found that daily oral administration of 60 mg/kg SHetA2 for 7 days resulted in 
consistent plasma PK and tissue distribution, achieving tumor drug concentrations required for growth inhibition in ovarian 
cancer cell lines. SHetA2 effectively induced cyclin D1 degradation in cancer cells in a dose-dependent manner, with up to 
70% reduction observed and an  IC50 of 4~5 µM. We identified cyclin D1 as a potential PD marker for SHetA2, based on a 
well-correlated time profile with SHetA2 PK. Additionally, we examined circulating levels of ccK18 as a non-invasive PD 
marker for SHetA2-induced apoptotic activity and found it unsuitable due to high variability. Using a PBPK/PD model, 
we depicted SHetA2 levels and their promoting effects on cyclin D1 degradation in tumors following multiple oral doses. 
The model suggested that twice-daily dosing regimens would be effective for sustained reduction in cyclin D1 protein. Our 
study provides valuable insights into the PK/PD of SHetA2, facilitating future clinical trial designs and dosing schedules.
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Abbreviations
BID  Two times a day
TID  Three times a day
CDKs  Cyclin-dependent kinases
CHOP  CAAT/enhancer binding protein homologous 

protein
ELISA  Enzyme-linked immunoassay

Flex-Hets  Flexible heteroarotinoids
HPLC/UV  High-pressure liquid chromatography/

ultraviolet
NSCLC  Non-small-cell lung cancer
QD  Once a day
Rb  Retinoblastoma protein
PBPK  Physiologically based pharmacokinetics
PD  Pharmacodynamics
PVDF  Polyvinylidene difluoride

Introduction

SHetA2, an orally active small molecule, targets three 
homologous heat shock protein A (HSPA) proteins 
(Grp78/HSPA5, hsc70/HSPA8, and mortalin/HSPA9), 
which function as chaperones through binding unfolded 
or misfolded client proteins and catalyzing their proper 
functional three-dimensional structures. SHetA2 has dem-
onstrated promising anticancer activities against various 
cancers (1–3). It has also shown chemopreventive activ-
ity both in vitro and in vivo (4, 5), with no adverse effects 
observed in various genetic toxicology assays and toxicity 
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tests conducted on animal models (5–7). With its promis-
ing anticancer activity and lack of toxicity in preclinical 
studies, SHetA2 is currently in a phase I clinical trial for 
patients with advanced or recurrent cancers (clinicaltrials.
gov: NCT04928508).

SHetA2 induces G1 cell cycle arrest in cancer cells by 
reducing cyclin D1 levels (8). Cyclin D1, a key member of 
the cyclin family, controls cell division cycles in collabora-
tion with cyclin-dependent kinases (CDKs). It forms com-
plexes with CDK4 and 6, which phosphorylate the retino-
blastoma protein (Rb). Phosphorylated Rb then dissociates 
from E2F transcription factor, facilitating S phase entry and 
accelerating cell proliferation. Cyclin D1 levels are often 
elevated in several cancer types, including breast cancer, 
non-small-cell lung cancer, and endometrial cancer, as its 
proteasomal degradation is often deregulated (9–12). Over-
expression of cyclin D1 in ovarian cancer is associated with 
worse patient overall survival (13). SHetA2 promotes the 
degradation of cyclin D1 as predicted through releasing it 
from its binding with HSPA chaperone proteins, leading to 
its phosphorylation, ubiquitination, and eventual degrada-
tion by proteosomes. The expression of a non-degradable 
mutant cyclin D1 or the overexpression of regular cyclin D1 
substantially impeded the induction of G1 cell cycle arrest 
by SHetA2 (8). Conversely, the SHetA2’s decrease in tumor 
growth is associated with a significant reduction in cyclin D1 
levels within tumors (14). Additionally, cyclin D1 reduction 
is associated with the decrease in tumor incidence following 
SHetA2 treatment (15). These findings collectively support 
the functional significance of cyclin D1 degradation in the 
mechanism of SHetA2.

Apart from inducing G1 cell cycle arrest, SHetA2 also 
triggers intrinsic apoptosis by disrupting the interaction 
between mortalin and its client proteins like p66shc, p53, 
and Bcl-2 (16). This causes cancer cell–specific degradation 
of Bcl-2 and Bcl-xl, resulting in swelling and membrane 
potential loss in mitochondria and cleavage of caspases 
9 and 3 in cancer, but not in healthy cells (1–3, 7). The 
mitochondrial damage stimulates excessive mitophagy and 
translocation of apoptosis inducing factor (AIF) from the 
mitochondria to the nucleus, which both contribute to the 
mechanism of SHetA2-induced cell death in cervical can-
cer cells (17) and endometrial cancer (Chandra et al. 2021). 
Additionally, SHetA2 enhances the expression of CHOP 
(CAAT/enhancer binding protein homologous protein) and 
death receptor 5 and represses nuclear factor kappa B and 
cellular FLICE-inhibitory protein (c-FLIP), which promotes 
extrinsic apoptosis mediated by death receptors (18).

Well-designed preclinical in vitro and in vivo studies 
combined with predictive modeling approaches can provide 
critical information regarding optimal dose, schedule, and 
drug administration. We have previously conducted allomet-
ric scaling and pharmacokinetic (PK) modeling of SHetA2 

in mice, rats, and dogs to determine the appropriate first 
human doses of the drug (19). We have also developed a 
physiologically based pharmacokinetic (PBPK) model for 
SHetA2 in tumor-bearing mice to describe its oral absorp-
tion kinetics and disposition in different tissues (20). Phar-
macodynamic (PD) analysis of the biochemical and bio-
logical effects of anticancer drugs on specific targets in the 
cancer cell is an important component of early stage of clini-
cal trials. Incorporating PD markers in early clinical trials 
may provide information on coverage of the target pathway 
in patients, which can inform the rational selection of bio-
logically effective doses for further testing.

This study utilized experimental and computational 
methods to investigate PD effects for SHetA2 in preclinical 
models of ovarian cancer. As SHetA2 only affects the func-
tion of its target (mortalin) and not its cellular levels (21), 
we evaluated the reduced levels of the cyclin D1 protein 
in tumors as a measure of SHetA2-induced G1 cell cycle 
arrest. Additionally, we monitored circulating levels of 
caspase-cleaved cytokeratin 18 (ccK18) (22) as a measure 
of SHetA2-induced apoptosis. ccK18 represents the major 
intermediate filament protein and ccK18 is released by the 
action of caspases in apoptotic epithelial cells. The aims of 
this study were threefold: (1) to investigate the tissue dis-
tribution of SHetA2 in tumor-bearing mice after receiving 
multiple oral doses, (2) to analyze the changes in cyclin D1 
and ccK18 levels induced by the drug during the treatment 
period, and (3) to develop a PBPK/PD model to characterize 
the relationships between SHetA2 tumor concentration and 
its PD effects.

Materials and Methods

Chemicals and Reagents SHetA2 was supplied by the 
National Cancer Institute RAID Program for the animal 
models and synthesized by K. D Berlin, PhD (Oklahoma 
State University, Stillwater, OK) for cell culture studies. 
Internal standard, 2,3-diphenylquinoxaline, was purchased 
from Acros Organics (New Jersey), and HPLC grade ace-
tonitrile (HPLC-JT9012) was procured from VWR (Radnor, 
PA). Kolliphor HS 15 was purchased from Sigma-Aldrich 
(St. Louis, MO), and sterile phosphate-buffered saline (PBS) 
was from Global Cell Solutions (Charlottesville, VA). Anti-
bodies for anti-Cyclin D1, and anti-β-actin were purchased 
from Cell Signaling Technology (Boston, MA). PathScan® 
Total Cyclin D1 Sandwich ELISA Kit was purchased from 
Cell Signaling Technology (Boston, MA). Protein extrac-
tion buffer m-PER was purchased from Thermo-scientific 
(Waltham, MA). Pierce BCA protein assay kit was pur-
chased from Thermo Fisher Scientific (Grand Island, NY). 
Protease inhibitor cocktail and phosphatase inhibitor cock-
tail were purchased from Roche (New York, NY). PVDF 
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membrane and ECL reagent were purchased from Bio-Rad 
(Hercules, CA).

Cells SKOV3, a human ovarian cancer cell line, stably 
expressing firefly luciferase (SKOV3-Luc) was obtained 
from MD Anderson Cancer Center, Houston, TX (a generous 
gift from Dr. Anil Sood). A2780, a human ovarian cancer 
cell line, was obtained from WPR Cancer Institute at Univer-
sity of Arkansas for Medican Sciences (a generous gift from 
Dr. Michael Birrer). The cells (A2780 and SKOV3) were 
cultured in RPMI 1640 medium (Mediatech, VA) supple-
mented with 10% fetal bovine serum (FBS) (Serum Source 
International, NC) and 1% antibiotic-antimycotic (Thermo 
Fisher Scientific, MA).

Concentration‑ and Time‑Dependent Changes in Cyclin D1 
In Vitro Ovarian cancer cell lines (A2780 and SKOV3) 
were seeded (0.5 ×  106 cells per well of six-well plate) in 
RPMI media supplemented with 10% FBS and 1% antibiot-
ics at 37°C and 5%  CO2 overnight. SHetA2 was prepared in 
cell culture grade DMSO. The cell lines were treated with 
SHetA2 at various concentrations (0, 1, 2.5, 5, 7.5. 10, 15 
µM) for 24 h. In SKOV3, treatment was also performed at 
different time points (2, 4, 6, 8, 12, 24 h) using 2.5 and 10 
µM SHetA2. Additionally, the recovery of cyclin D1 after a 
24-h exposure to 10 µM SHetA2 was evaluated at 4, 8, and 
24 h following the removal of SHetA2, in comparison to 
during continuous drug exposure for 24 and 48 h.

Orthotopic SKOV3 Xenograft Mouse Model Crl:NU(NCr)-
Foxn1nu (homozygous; strain code 490) female athymic 
nude mice (6-to-8-week-old, 15–20 g) were purchased 
from Charles River Laboratories (Houston, TX). Mice were 
housed in a temperature-controlled room on a normal 12-h 
light/dark cycle, with free access to water and standard 

laboratory food. All procedures were approved by the Insti-
tutional Animal Care and Use Committee (IACUC) of the 
University of Oklahoma Health Sciences Center. After accli-
matization for 1 week, the animals were intraperintoneally 
(i.p.) injected with one million SKOV3-Luc cells per animal. 
For tumor incoculation, the cells were harvested, washed 
once with Hank’s balanced salt solution (HBSS,  Ca2+,  Mg2+, 
and phenol red-free), and re-suspended in HBSS (Thermo 
Fisher Scientific). Tumor development was monitored at 
weeks 1 and 3 by imaging the animals using Carestream In 
vivo Xtreme imaging system (Carestream Molecular Imag-
ing, CT) following i.p. injection of 125 µL of D-luciferin 
(30 mg/mL; Caliper Life Sci. Inc., Hopkinton, MA). The 
net light intensity of the image was taken to derive tumor 
burden.

Drug Administration and Sample Collections (Fig. 1) This 
study was designed to determine the tissue distribution of 
SHetA2 over the period, reaching to the steady state, and 
PD effects in plasma or tumor tissues which correlate with 
SHetA2 levels. For oral administration, an SHetA2 suspen-
sion was prepared in 30% Kolliphor HS 15 with a final con-
centration of 6 mg/mL to provide an oral dose of 60 mg/
kg when administered with a dosing volume of 10 mL/kg. 
Three weeks after the SKOV3-luc cells injection, tumor-
bearing mice that have successfully developed tumor were 
randomized into two groups based on mean luminal inten-
sity. The treatment group (n = 33) received SHetA2 formu-
lated in 30% Kolliphor HS 15 daily for 7 consecutive days. 
This group was subsequently divided into eleven subgroups, 
each consisting of three mice, for sample collection at pre-
defined time points. At each time point (first dose at 1, 4, 
6, 8, and 12 h) and troughs (immediately before daily sub-
sequence doses; 24, 48, 72, 96, 120, and 144 h), 250 μL of 
blood was collected from three animals via saphenous vein, 

Fig. 1  In vivo study design. Female athymic nude mice were intra-
peritoneally injected with SKOV3 human ovarian cancer cell line. 
Tumor development was confirmed by imaging after approximately 3 
weeks. The tumor-bearing animals were randomly assigned to receive 
either vehicle (n = 3) or 60 mg/kg SHetA2 (n = 33; 11 subgroups 

of three mice) orally once daily for 7 days. Blood samples were col-
lected at various time points throughout the 7 days, including during 
the first dose, at troughs, after the last dose. Both blood and tissues 
samples were collected after the last dose. The blood and tissue sam-
ples were used for SHetA2 quantifications and PD effects
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while they were under appropriate restraint. The subgroups 
were rotated in a staggering manner to avoid repeated bleed-
ing of individual animals during the 7-day dosing period. 
After the seventh dose, non-survival blood was collected 
from the inferior vena cava while the animals were under 
deep anesthesia with isoflurane. The animals were then euth-
anized, and tumor and other tissue samples were collected 
at specific time points (0, 0.25, 0.5, 1, 2, 2.5, 4, 6, 8, 12, and 
24 h after the last dosing on the seventh day).

The control group (n = 3) received a vehicle (30% Kolliphor 
HS 15 in distilled water) once daily for 7 consecutive days. 
At each of trough time point (0, 24, 48, 72, 96, and 120 h 
after the start of the first dose), 100 µL of blood was col-
lected from the saphenous vein to measure ccK18 levels. 
The animals were euthanized at 144 h (24 h since the 7th 
dose), and blood, tumor, and tissue samples were collected 
for further analysis.

Additional plasma and tumor samples from our previ-
ous single-dose studies (20) were used to investigate the 
PD effects. The plasma samples included nine time points 
(0, 0.08, 0.25, 0.5, 1, 2, 4, 12, 18, and 24 h) after a single 
intravenous (IV) dose of SHetA2 10 mg/kg for ccK18 quan-
tification. We also used one time-point tumor samples (24-h 
postdosing) from a single oral dose of SHetA2 60 mg/kg for 
the cyclin D1 assay.

SHetA2 Quantitation in Tissues and Plasma SHetA2 con-
centration was determined using the HPLC-UV method 
that had been previously developed and validated in our 
laboratory, as described in elsewhere (23). Briefly, 90 µL of 
plasma samples was mixed with 10 µL of internal standard 
(5 µg/mL) in an amber Eppendorf tube while kept in ice, 
which was then vortexed vigorously for 1 min. The mixture 
was subsequently precipitated by adding 80 µL of chilled 
100% acetonitrile, vortexed vigorously for 10 min, and cen-
trifuged at 21,381× g for 15 min at 4°C. The supernatant 
was collected and filtered using a Captiva filtration system 
(Agilent Technologies) by applying a vacuum of not more 
than 16,900 Pa. The filtrate was then injected (70 µL) and 
analyzed using the HPLC-UV (Agilent 1260 HPLC system). 
For tissue samples, the collected tissues were thawed under 
ice in glass tubes and homogenized (Kinematica Polytron 
TM 1600 EW benchtop homogenizer, Kinematica) with 3 
mL/g of chilled phosphate buffer (pH 7.4) submerged in an 
ice water bath. Similarly to the plasma sample preparation, 
90 µL of these tissue homogenate was mixed with 10 µL of 
internal standard (5 µg/mL), and the mixture was processed 
as described above. The lower limit of quantitation is 5 ng/
mL, the intra-day accuracy ranged from 100.5 to 110.2%, 
interday accuracy ranged from 96.9 to 101.2%, and the pre-
cision is from 3.4 to 13.4 described by standard deviation 
(%RSD) of each calculated concentration.

Cyclin D1 Quantification by ELISA A commercially available 
ELISA kit was used for detection of total cyclin D1 (Path-
Scan® Total Cyclin D1 Sandwich ELISA Kit) in SHetA2 
treated ovarian cancer cell lines (A2780 and SKOV3) and 
in tumor tissue obtained from xenografts. The ELISA was 
performed following the manufacturer’s instructions in an 
antigen-coated 96-well plate, and all the samples and nega-
tive controls were tested in duplicate in each plate. In brief, 
100 μL of protein samples (5 µg/sample) was added in each 
well and incubated for overnight at 4°C. After the wash 
step, 100 μL of detection antibody was added and plate was 
incubated at 37°C for 1 h. The unbounded detection anti-
bodies were washed out, and the wells were incubated in 
the presence of 100 μL of HRP-linked secondary antibody 
for 30 min at 37°C followed by washing. Subsequently, 100 
μL of TMB (3,3′, 5,5″-tetramethylbenzidine) substrate was 
added and, after 10 min incubation at 37°C, the reaction was 
stopped by adding 100 μL of STOP solution, and the optical 
density (OD) was measured in Synergy™ H1 microplate 
reader (BioTek, Winooski, VT) at 450 nm. The assay kit 
sensitivity ranges from 0.014 to 0.45 mg/mL.

Western Blot Analysis of Cyclin D1 Total proteins from 
cells were isolated using M-PER protein extraction solu-
tion (Thermo Fisher Scientific, Waltham, MA) containing 
protease inhibitor cocktail and phosphatase inhibitor cock-
tail. The homogenates were centrifuged at 14,000 × g for 
15 min at 4°C, and the supernatant containing proteins was 
collected. For in vivo samples, tumor tissue obtained from 
xenografts were homogenized in ice-cold T-PER protein 
extraction solution (Thermo Fisher Scientific, Waltham, 
MA) containing protease inhibitor cocktail and phosphatase 
inhibitor cocktail using a mortar-pestle with liquid nitrogen. 
The homogenate was incubated on ice for 1 h with occa-
sional shaking followed by centrifugation at 14,000 × g for 
15 min at 4°C, and the supernatant containing proteins was 
collected. Protein concentrations were determined using 
a BCA assay (Thermo Fisher Scientific, Waltham, MA) 
according to the manufacturer’s instructions.

Equal amounts of protein (20 μg for cell lysates and 
35 μg for xenograft tumor tissues) were separated by gel 
electrophoresis and then transferred to an Immuno-Blot™ 
PVDF membrane. The membrane was blocked with 5% 
skimmed milk and then incubated with primary antibody 
to cyclin D1 (# 2922, Cell Signaling Technology, Danvers, 
MA) at 1:500 dilution overnight at 4°C. The membrane 
was then washed and incubated with a secondary peroxi-
dase-conjugated antibody for 1 h. Antibody binding was 
detected using enhanced chemi-luminescence detection 
system (Bio-Rad). After developing, the membrane was 
stripped and re-probed using an antibody against β-actin (# 
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4970, Cell Signaling Technology, Danvers, MA) at 1:2500 
dilution to confirm equal loading.

ccK18 Quantification by ELISA The apoptotic cleavage of 
K18 exposes a neoepitope M30 (CK18-Asp396), and the 
caspase-generated cleavage fragments of K18 (ccK18) can 
be detected by the M30 antibody. The soluble ccK18 was 
detected in mouse plasma using the M30-Apoptosense 
ELISA (PEVIVA AB, Bromma, Sweden). Briefly, the M30 
conjugate was diluted, and wash tablet was dissolved with 
distilled water. After adding 25 µL of standards, control, 
or samples per well and 75 µL of diluted M30 conjugate 

solution per well, the plate was incubated for 4 h on plate 
shaker at 600 rpm. The plate was then washed manually with 
5 × 250 µL with wash buffer. After adding TMB substrate 
(200 µL/well) and incubation in darkness for 20 ± 1 min, 
50 µL of stop solution per well was added and shaken for 
5–10 s. The absorbance was read at 450 nm after 5–30 min 
using  Biotek®  Synergy™ 2 Multi Mode Microplate Reader 
(Vermont).

PBPK/PD Modeling In our previous study (20), we devel-
oped a whole-body PBPK model (Fig. 2) to describe the 
time profiles of SHetA2 plasma and tissue concentrations 

Fig. 2  A PBPK/PD model for 
SHetA2 in tumor-bearing mice. 
The PBPK model includes 
14 perfusion-limited tissue 
compartments, elimination of 
SHetA2 from liver (CLliv), intes-
tine (CLGI) and plasma (CLPL), 
and oral absorption kinetics (ka, 
ka1, FAGG ). The PD model is 
based on the SHetA2 concentra-
tion in the tumor and depicts the 
stimulation of cyclin D1 deg-
radation through three transit 
compartments (TC1-3). Cyclin 
D1 synthesis and degradation 
are depicted by the zero-order 
constant kin and the first-order 
constant kout, respectively. 
The initial effect E induced 
by drug concentration (Cdrug) 
is described by the maximum 
effect (Smax), the drug concen-
tration for 50% effect (SC50), 
and the slope factor (γ). The 
transit compartments account 
for events such as cyclin D1 
phosphorylation, ubiquitination, 
and proteasomal degradation, 
with τ denoting the transit time 
among compartments
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in orthotopic SKOV3 xenograft tumor-bearing mice, after 
administration of a single IV dose (10 mg/kg) and oral dose 
(60 mg/kg). The PBPK model accounted for extensive distri-
bution in 13 different tissues by perfusion-limited model and 
drug elimination through plasma by decomposition (CLPL) 
and metabolism in liver (CLLIV) and gut (CLGI). The oral 
absorption kinetics was described by two first-order absorp-
tion rate constants, kA and kA1, with each process associated 
with the fraction of the absorbed dose FAGG  and (1-FAGG 
), respectively. In the current study, we extended this model 
by incorporating a PD model (Fig. 2) that characterizes the 
effect of SHetA2 on cyclin D1 in tumors, along with the 
time profiles of SHetA2 plasma and tissue concentrations, 
following multiple once-daily doses of 60 mg/kg. SHetA2 
promotes the cyclin D1 reduction through proteasomal 
degradation (8, 16), and to capture this effect, we modeled 
the cyclin D1 turnover using the zero-order production rate 
constant (kin) and the first-order degradation rate constant 
(kout), with the drug effect (Smax, SC50, γ) as the stimula-
tion of cyclin D1 loss. Smax represents the maximum fold 
change in cyclin D1 expression from the baseline, SC50 is 
the SHetA2 concentration causing 50% Smax, and γ is the 
slope factor. Additionally, we accounted for the time delay 
between changes in drug concentration and cyclin D1 reduc-
tion by adding transit compartments (TC1, TC2, and TC3). 
These compartments take into consideration events, such as 
phosphorylation and ubiquitination of cyclin D1 by SHetA2, 
which precede proteasomal degradation. We assumed that 
cyclin D1 levels remain stable during tumor progression, 
as supported by our in vivo data, which showed that cyclin 
D1 levels recovered to nearly their baseline levels 24 h after 
each dose, including both the first dose and repeated dos-
ing. The value of the endogenous degradation rate constant 
for cyclin D1 (kout) in cancer cells was calculated from the 
data obtained from literature (24) and fixed to be 1.38  h−1. 
The change of cyclin D1 was described by the following 
equations:

In Eq. 1, Cdrug refers to the concentration of SHetA2 in 
either the cell culture medium ( Cmed ) or the tumor ( Ctumor ), 

(1)
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depending on whether the data is from in vitro or in vivo 
experiments, respectively. As SHetA2 undergoes degrada-
tion over time in cell culture medium or plasma in vitro, we 
accounted for this degradation using a first-order degrada-
tion rate constant (kdeg = 0.0127  h−1), which was calculated 
based on an in vitro stability study (25).

To adjust for the difference in medium concentration in 
vitro and tumor concentration in vivo, we applied a scaling 
factor �t (e.g., �t ∙ Ctumor ) (26), which was estimated during 
fitting. The initial condition for all the differential equa-
tions was zero, except for CyclinD1, which was set to 100.

All the PK parameters were fixed during PD data fit-
ting. The equations were solved simultaneously for both in 
vitro and in vivo data to estimate the PD model parameters 
using the maximum likelihood estimation implemented in 
ADAPT 5 (Biomedical Simulations Resource, CA) (27). 
The best model was selected based on the Akaike informa-
tion criterion comparison, the goodness-of-fit, weighted 
residual plots, and reliability of parameter estimations. 
The variance model was: Vi =

(

�
1
+ �

2
⋅ Yi

)2 , where Vi 
represents the variance of the ith data point, Yi is the ith 
model prediction, and σ1 and σ2 are variance model param-
eters. Figures were created using GraphPad Prism 8.42 
(GraphPad Software, La Jolla, CA).

Sensitivity Analysis A local sensitivity analysis was con-
ducted for each parameter. In each scenario, an individual 
model parameter was adjusted while all other parameters 
were kept constant. Observations of the predicted changes 
in model output were recorded. The result is expressed as 
sensitivity coefficients which are calculated using Eq. (6). 
In this equation, p is the original parameter value, Δp is the 
change from the original parameter, r is the original output 
result, and Δr is the change in the model output resulting 
from altering the parameter.

Results

In this study, we investigated the plasma PK and tissue 
drug distribution as well as PD effects over the course of 
the treatment in tumor-bearing mice after multiple oral 
administrations of 60 mg/kg/day SHetA2 and character-
ized their relationships using a PBPK/PD model.

(5)
dCmed

dt
= −kdeg ∙ Cmed

(6)SensitivityCoefficient =
Δr

r
×

p

Δp
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Characterization of Plasma and Tissue Distribution 
of SHetA2 Following Multiple Oral Doses

Fig. 3 displays the plasma and tumor concentration pro-
files of SHetA2 for a 7-day treatment with 60 mg/kg/day 
administered once daily. We utilized our previously devel-
oped PBPK model based on a single dose of SHetA2 (20) 
to predict the time-concentration profiles for repeated oral 
doses and compared the results with the observed data 
(Figs. 3–4). SHetA2 exhibited a multi-exponential plasma 
concentration decline and rapid and extensive tissue dis-
tribution in tumor-bearing mice model; we found that the 
model accurately predicted the observed data. The plasma 
and tumor pharmacokinetics of SHetA2 remained stable 
over the 7-day period of daily oral administration of 60 
mg/kg SHetA2. No significant accumulation of the drug 
in plasma was observed, which was expected based on the 
estimated elimination half-life of 4.5 h from a single oral 
dose study (20). SHetA2 is distributed in the tumor tissue 
at tenfold higher concentrations compared to the blood. 
The mean trough concentrations of SHetA2 in the plasma 
were 18.8 ± 6.6 ng/mL. Fig. 4 shows the time-concen-
tration profiles of SHetA2 in additional 12 non-tumor 
tissues. We observed no significant changes in SHetA2 
concentration in these tissues throughout the treatment 
period, indicating that SHetA2 exhibits time-invariance 
PK of SHetA2 during oral absorption and drug disposi-
tion. Moreover, our PBPK model accurately predicted the 
drug concentrations for multiple dosing regimens, as evi-
denced by the consistent tissue concentrations observed 
after the 7th dose as well as the single dose (20).

Changes in Cyclin D1 In Vitro and In Vivo

The effect of SHetA2 on cyclin D1 was investigated through 
in vitro and in vivo experiments, revealing a dose- and time-
dependent relationship. In vitro cell experiments were con-
ducted using different doses of SHetA2 to observe changes 
in cyclin D1 protein levels during 24-h drug exposure. Cyc-
lin D1 was quantified using ELISA and confirmed by west-
ern blotting. Treatment with SHetA2 resulted in concentra-
tion-dependent decreases in cyclin D1 levels in two human 
ovarian cancer cell lines, with maximum inhibition at ~80% 
for A2780 cells and ~70% for SKOV3 cells, both at a half-
maximum effective concentration of 4~5 µM (Fig. 5a, b). We 
next evaluated time-dependent changes in cyclin D1 over 24 
h at 2.5 and 10 µM SHetA2 and the recovery of SHetA2-
induced cyclin D1 reduction after the drug removal from the 
culture medium using SKOV3 cells. Time-dependent analy-
sis showed that SHetA2 treatment induced a reduction in 
cyclin D1 levels as early as 4 h post-treatment, which contin-
ued for 24 h (Fig. 5c, d). When SHetA2 was removed from 
the culture medium, cyclin D1 levels began to recover at 4 h 
and restored to over 80% of their baseline at 24 h (Fig. 5e–g). 
As expected, SHetA2 had no effect on total mortalin levels.

For in vivo experiments, the tumor samples were analyzed 
for cyclin D1 expression following treatment with a single 
dose or multiple doses. In vivo experiments demonstrated 
that SHetA2 induces a cyclic pattern of cyclin D1 expression 
over 7 days. Within the first 12 h of administration, cycling, 
D1 expression decreased but returned to near-baseline levels 
at 24 h post-dose for both single and multiple dose treat-
ments (Fig. 6b). The PD profile of cyclin D1 mirrored the 
PK profile of SHetA2, with a delay. Once-daily treatment 
with 60 mg/kg of SHetA2 resulted in peak tumor concentra-
tions around 4000 ng/mL (equivalent to ~10 µM) at 1 h, and 

Fig. 3  Plasma and tumor drug concentration. The observed drug con-
centration (symbols) in plasma (a) and tumor (b) following a single 
(light blue circles) and 7-day (blue circles) oral dose of 60 mg/kg 
SHetA2 once daily in mice bearing orthotopic SKOV3 tumors. The 

observed data, presented as mean ± SD, were obtained from three 
mice at each time point. The lines represent the PBPK model-pre-
dicted drug concentration-time profiles. The light gray area represents 
the 95% prediction interval
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a maximum reduction of ~70% in cyclin D1 observed at 12 
h. Taken together, our in vitro and in vivo results indicate 
that changes in cyclin D1 expression in tumors are strongly 
correlated with SHetA2 tumor concentrations in a dose- and 
time-dependent manner, suggesting that cyclin D1 could 
serve as an effective proximal PD marker for SHetA2.

Changes in ccK18 In Vivo

We investigated plasma levels of ccK18 as a non-invasive 
marker for SHetA2-induced apoptosis in tumor-bearing 
mice treated with either vehicle or SHetA2. ccK18 is 
a specific cleavage product of full-length cytokeratin 
18 during apoptosis. This cleavage occurs at a specific 
site within the protein, resulting in the generation of 
a smaller fragment (28, 29). SHetA2 was administered 
via a single IV dose of 10 mg/kg or once-daily oral dose 

of 60 mg/kg for 7 days (Supplementary Fig. S1). The 
vehicle-treated animals had a mean value of approxi-
mately 700 U/L ccK18, with no significant change over 
the treatment period. Following treatment with a single 
IV dose of SHetA2, ccK18 levels slowly increased to a 
peak of 913 U/L over 2–4 h after dosing and returned to 
their baseline levels by 8–12 h postdosing (Fig. S1A). 
Once-daily oral SHetA2 treatment resulted in a signifi-
cant increase in plasma levels of ccK18 (>1000 U/L) 
within first 4–6 h of administration, which also appeared 
to return levels close to those of control animals by 8 
h postdosing (Fig. S1B-C). These results indicate that 
SHetA2 induces apoptosis. However, the measured 
ccK18 values were highly variable, and overall changes 
in ccK18 were not well correlated with the SHetA2 PK. 
These findings suggest that ccK18 may not be a suitable 
marker for SHetA2.
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PBPK/PD Modeling of SHetA2‑Induced Cyclin D1 
Reduction

Our in vitro and in vivo results demonstrated that the 
changes in cyclin D1 in tumors well correlated with the 
SHetA2 concentrations. To characterize the SHetA2-
induced cyclin D1 degradation (8), we explored vari-
ous PD models, including a simple indirect model with 
SHetA2’s kout stimulation, both with and without a delay 
function, and transduction processes either before or after 
an Emax model. Our final PD model (Fig. 2) provided the 
best fit for the effect of SHetA2 on cyclin D1. This model 

depicts that the activity of SHetA2 mediated through three 
transit compartments, the number of which we estimated 
through fitting, and then promoting the degradation of cyc-
lin D1. We simultaneously fitted the PD model to both in 
vitro (dose- and time-dependent and drug removal stud-
ies; Fig. 6a) and in vivo data (Fig. 6b), and the estimated 
parameters are listed in Table I. The model effectively 
characterizes the in vitro dose-response relationship, 
yielding estimated values of Smax at 2.44 and SC50 at 4.11 
µM. Notably, the model predicts that SHetA2 achieves its 
maximum inhibitory effect (reducing cyclin D1 expression 
level by over 70%) in SKOV3 cells at tumor concentrations 

Fig. 5  Dose- and time-depend-
ent effects of SHetA2 on cyclin 
D1 in vitro. Cyclin D1 protein 
levels were quantified in cell 
lysates using both ELISA (a, c, 
e, and f), which are presented as 
mean ± SD, and western blot-
ting (b, d, and g). Two human 
ovarian cancer cell lines, A2780 
and SKOV3, were treated 
with varying concentrations of 
SHetA2 (1, 2.5, 5, 7.5, 10, 15 
μM) for 24 h (a and b). Time-
dependent changes in cyclin D 
were monitored at different time 
points (0, 2, 4, 6, 8, 12, 24 h) 
after treating SKOV3 cells with 
2.5 or 10 μM SHetA2 (c and d). 
The recovery of drug-induced 
cyclin D1 reduction upon drug 
removal was assessed at a dose 
of 10 μM SHetA2 (e, f, and g). 
After A2780 or SKOV3 cells 
were treated with control or 
SHetA2 for 24 h, the drug-
containing culture medium was 
removed, cultures were washed, 
and the cells were incubated 
with fresh medium for an 
additional 24 h. The levels of 
cyclin D1 were monitored at 4, 
8, and 24 h after drug removal. 
Representative western blots for 
mortalin and cyclin D1, along 
with GAPDH or cyclophilin 
G as the loading control (b, d, 
and g). Statistical analyses were 
performed in GraphPad Prism 
using one-way ANOVA tests
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higher than 10 µM, with an SC50 value (4.11 µM) that 
closely matches the initial value calculated from in vitro 
data.

In terms of tumor, the PD model adequately captures the 
cyclin D1 levels in both the first and seventh doses, achiev-
ing steady state quickly following the PK profile. With a 
once-daily (QD) dose of 60 mg/kg, the cyclin D1 profile 
fluctuates between 50 and 80%. The difference in drug con-
centration between in vivo tumors and tissue culture medium 
was accounted for using the scaling factor (αt), which was 
estimated to be 1.78. This indicates that the effective concen-
tration of SHetA2 in the tumor is higher than the measured 
drug concentration.

The free form of cyclin D1 undergoes rapid degradation, 
but when it binds with mortalin, it is protected from degra-
dation. When SHetA2 binds to mortalin, it releases cyclin 
D1, thereby promoting its degradation. To model the natural 
turnover of cyclin D1 both in the absence and presence of 
SHetA2 treatment, we have fixed kout at its experimentally 
determined value (1.38  h−1), which corresponds to the deg-
radation rate of its bound form with mortalin. This allows 
us to approximate the degradation rate of cyclin D1 induced 
by SHetA2 (e.g., kout∙[1+S(t)]). This degradation process is 
relatively faster than other processes involved in PD model, 
making kout less sensitive to the profile. Our sensitivity anal-
ysis of the parameters (Fig. 6c) revealed that kout had the 
lowest sensitivity score, while Smax, SC50, and αt exhibited 
considerable sensitivity within the PD model.

Using the developed PBPK/PD model, we conducted 
simulations of various dosing regimens to explore the behav-
ior of cyclin D1 expression at different doses (Fig. 7). Our 
findings indicate that twice-daily (BID)/three times daily 
(TID) regimen may achieve a more stable inhibition effect 
on cyclin D1 expression compared to QD dosing. Addition-
ally, the simulations suggest that dosing higher than 90 mg/
kg BID/60 mg/kg TID will likely result in inhibition levels 
close to the maximum (~70%). These insights offer valu-
able information for optimizing dosing regimens in future 
clinical trials.

Discussion

Epithelial ovarian cancer remains a difficult-to-treat 
gynecological malignancy, highlighting the need for novel 
treatments that offer better efficacy and safety profiles for 
patients with recurrent ovarian cancer. SHetA2 is a novel 
agent with demonstrated anticancer activity in various 
cancer types and has entered a phase I clinical trial for 
patients with recurrent cervical, ovarian, or endometrial 
cancer. In this study, we investigated PD effects of SHetA2 
in human ovarian cancer cell lines and in vivo models and 

Fig. 6  The time profiles of cyclin D1 after treatment with SHetA2 in 
vitro and in vivo. a Changes in cyclin D1 protein levels over time in 
SKOV3 treated with different SHetA2 concentrations (1–15 μM) dur-
ing a 24-h incubation followed by drug removal (the data are from 
Fig. 5). Different time points (0, 2, 4, 6, 8, 12, 24 h) were monitored 
for the 2.5 and 10 μM groups, and only 24-h time point was measured 
for the other doses. The recovery of drug-induced cyclin D1 reduc-
tion upon drug removal was evaluated at 10 μM by washing the drug-
containing culture medium and incubating with fresh medium for 
an additional 24 h. b The time profile of cyclin D1 levels in SKOV3 
tumors in mice treated with a single (light blue circle) and 7-day 
(blue circles) oral dose of 60 mg/kg SHetA2 once daily. The sym-
bols represent the observed cyclin D1 protein levels in cancer cells 
or tumors, quantified using the ELISA method, with data presented 
as mean ± SD (n = 3). Both in vitro and in vivo data were used to 
estimate the PD model parameters, and the lines represent the best-
fit curves. c Sensitivity analysis for each parameter. Sensitivity coef-
ficients are determined through the division of changes in the model’s 
output by variations in the parameters
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their relationship with the plasma and tumor drug concen-
tration using a PBPK/PD modeling approach.

SHetA2 is a nontoxic anticancer drug that induces G1 
cell cycle arrest and causes apoptosis in human ovarian 
cancer cell lines, regardless of their histology and inhibits 
growth of ovarian xenografts tumors (1, 3, 8, 9). SHetA2 
degrades cyclin D1 protein by inducing phosphorylation 
of cyclin D1 on T286, targeting it for ubiquitination and 
proteasomal degradation (8). Additionally, SHetA2 selec-
tively induces apoptosis in cancer cells by acting on mor-
talin; releasing its client proteins Bcl-2, p53, and p66shc; 
and degrading Bcl-2 protein, which in turn promotes 
intrinsic apoptosis and prevents intraperitoneal ovarian 
cancer establishment (21, 30). Despite the direct target of 
SHetA2, mortalin cannot be used as a proximal PD marker 
for SHetA2 as the drug does not affect the cellular levels 
of mortalin protein (21). Thus, we proposed cyclin D1 
protein and/or cellular byproducts from caspase activity 

upon apoptosis, such as ccK18, as proximal PD markers 
for monitoring the effects of SHetA2 on the targets.

Our study found that SHetA2 reduces cyclin D1 protein 
levels in cancer cells in a dose-dependent manner, with 
up to 70% inhibition observed and an  IC50 of 4~5 µM. In 
vitro time-course analysis revealed that cyclin D1 expres-
sion decreased within 4 h of SHetA2 exposure and began to 
recover upon drug removal. Furthermore, our in vivo studies 
showed that cyclin D1 tumor expression exhibited a cyclic 
pattern in response to SHetA2 tumor profiles, suggesting 
its potential use as a measure of SHetA2’s activity at the 
target site. Our investigation of circulating ccK18 levels as 
a non-invasive marker for SHetA2-induced apoptotic activ-
ity showed that SHetA2 treatment resulted in an increase in 
ccK18 levels, but with wide fluctuations around the base-
line and high variability, without a clear trend observed 
with changes in SHetA2 concentration, which may be due 
to down-regulation or loss of CK18 expression in cancers 

Table I  Pharmacodynamic 
Parameter Estimates

# The value of the endogenous degradation rate constant for cyclin D1 protein in cancer cells was calcu-
lated from data obtained in a previously published study (24)

Parameters Definition Value (%CV)

Smax Maximum effect in inducing cyclin D1 degradation 2.44 (12)
SC50 (µM) SHetA2 concentration causing 50% Smax 4.11 (13)
γ The Hill factor 2.74 (15)
τ (h) Transit time between transit compartments 2.96 (4.6)
kout (1/h) First-order rate constant for elimination of cyclin D1 1.38#

αt The scaling factor to adjust the concentration difference between 
in-vivo and in-vitro

1.78 (13)

Fig. 7  The simulated time pro-
files of SHetA2 concentration 
(a) and cyclin D1 (b) in tumors 
in mice treated with different 
dosage regimens of SHetA2
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arising from CK18 positive tissues linking to tumor dedif-
ferentiation (31). While ccK18 is a sensitive biomarker for 
other diseases (28, 29), such as nonalcoholic fatty liver dis-
ease (32), it may not be a reliable marker for SHetA2.

Given Rb’s crucial role as a growth checkpoint in the 
G1 phase, inhibiting cyclin D1 and CDK4/6 represents 
an important target for anticancer therapeutics. Palboci-
clib, ribociclib, and abemaciclib are three FDA-approved 
CDK4/6 inhibitors. These inhibitors directly bind to CDK4/6 
in its APT packet when bound to cyclin D1, leading the 
deactivation of the cyclin D1-CDK4/6 complex, reducing Rb 
phosphorylation, maintaining the G1 phase checkpoint, and 
inhibiting cancer cell growth. Cyclin D1 overexpression is 
associated with the development and progression of cancer, 
and deregulation of cyclin D1 degradation is thought to be 
responsible for increased cyclin D1 levels in several cancers 
(9). In addition to its role in cell cyclin regulation, cyclin D1 
performs other functions, such as inhibiting mitochondrial 
metabolism and enhancing cytosolic glycolysis, that help 
tumors survive in stressful environments (33, 34). Therefore, 
complementary targeting of Rb phosphorylation by reduc-
ing cyclin D1 using SHetA2, and CDK4/6 inhibition would 
be an effective combination strategy, as confirmed by the 
SHeA2-palbociclib combination in preclinical models of 
cervical cancer (14).

Another aim of this study was to assist in the design of a 
phase 1 study to determine the required dosing regimens to 
achieve sufficient drug concentrations for tumor target mod-
ulation. The relatively fast recovery of cyclin D1, likely due 
to its short half-life (~ 30 min) (35, 36), and the duration of 
cyclin D1 reducion, which largely depends on SHetA2 expo-
sure time, indicates the need to maintain drug concentraion 
above the effective concentration. In tumor-bearing mice, 
a 60-mg/kg QD achieved a tumor concentration above the 
 IC50 value for the first 2.5 h post-dose, and cyclin D1 levels 
remained between 50 and 80%. Our simulations showed that 
the same total daily dose of BID or TID can achive similar 
PD effect on cyclin D1, in which 60 mg/kg BID or 40 mg/kg 
TID extended the time above 4 μM tumor concentration and 
kept stable cyclin D1 reduction. Increasing the dose to 90 or 
120 mg/kg BID or 60 or 80 mg/kg TID prolonged the period 
above 4 μM to 4 h and 6 h, respectively. Consequently, cyc-
lin D1 expression was maximally reduced to around 30–35% 
of normal levels with very little variation. Considering con-
venience and patient compliance, these findings support the 
design of our ongoing phase 1 trial, in which the drug is 
administered orally twice a day. Tumor biopsies from these 
patients will provide an opportunity to confirm drug concen-
trations exceeding 4 µM and cyclin D1 reduction.

Although cyclin D1 provides a direct insight into SHetA2 
activity at the target site, a limitation of this study was the 
lack of quantification of tumor burden, which hindered our 
ability to correlate cyclin D1 reduction with tumor growth 

inhibition. For the intraperitoneal orthotopic xenograft 
model, chosen to closely mimic the ovarian cancer tumor 
microenvironment and drug distribution, the initial tumor 
progression is slow, followed by a rapid progression over a 
two-month period. Therefore, a longer duration of treatment 
is required to observe significant tumor reduction. However, 
previous studies have demonstrated that SHetA2 exhibits 
antitumor activity of approximately 40–60% at a 60 mg/kg 
QD dose in xenograft tumor models (1–3, 7, 14, 17, 37). 
Benbrook et al. (5) demonstrated that QD doses of 30 or 60 
mg/kg SHetA2 reduced incidence of colorectal tumors by 
over 50% in the  APCmin/+ mouse model of colorectal can-
cer in association with 50 or 90% reduction of cyclin D1 in 
the tumors. Furthermore, considering the limitations of our 
study in terms of dosing levels, it is imperative to expand 
our investigations to a broader spectrum of dosing regimens. 
Future research should involve exploring multiple dose lev-
els and dosing schedules to better capture the dose-response 
relationship. Additionally, the use of a single cell line in 
our in vivo study underscores the need for further inves-
tigations employing diverse cell lines and patient-derived 
xenograft models. This is essential for corroborating our 
findings, especially considering the heterogeneous molecu-
lar and pathohistological characteristics of ovarian cancer, 
which includes p53 mutations. Lastly, we acknowldege 
that we did not measure protein binding or cell uptake of 
SHetA2 in our in vitro experiments. Therefore, we used the 
scaling factor (αt) for in vitro-to-in vivo correlation, which 
has been shown to be useful in studies where direct measu-
ments are not available (26). This study provides quantitative 
insights into the mechanism underlying the biological activ-
ity of SHetA2 in tumor and highlights the need for further 
research to develop an accesible and translatable PD markers 
for SHetA2 in the first in-human study.

Conclusion

Our study has demonstrated that SHetA2 exhibits a con-
sistent PK/PD profile during a 7-day dosing regimen, and 
we have characterized the drug concentration-cyclin D1 
expression relationship using a PBPK/PD model. Our results 
have identified dose regimens for achieving optimal drug 
concentration and target modulation. These insignts, along 
with the PBPK/PD model, provide valuable information for 
the development of dosing schedules and study designs for 
future clinical trials of SHetA2.
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