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Abstract

The CDKA4/6 inhibitor palbociclib, combined with endocrine therapy, has been shown to be
effective in postmenopausal women with estrogen receptor positive, HER2-negative advanced
or metastatic breast cancer. However, palbociclib is not as effective in the highly aggressive
triple-negative breast cancer that lacks sensitivity to chemotherapy or endocrine therapy. We
hypothesized that conjugation of the near-infrared dye MHI-148 with palbociclib can produce
a potential theranostic in triple-negative as well as estrogen receptor positive breast cancer
cells. In our study, the conjugate was found to have enhanced activity in all mammalian cell
lines tested in vitro. However, the conjugate was cytotoxic and did not induce G1 cell cycle
arrest in breast cancer cells suggesting the mechanism of action differed from the parent
compound palbaociclib. The study highlights the importance of investigating the mechanism of
conjugates of near-infrared dyes to therapeutic compounds as conjugation can potentially result
in a change of mechanism or target, with an enhanced cytotoxic effect in this case.
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Introduction

Breast cancer is a worldwide health concern with over two million new cases in 2020
(https://www.who.int/news-room/fact-sheets/detail/breast-cancer). Significant advances have
been made in understanding different breast cancers and several molecular subtypes of breast
cancer have been characterized.! This knowledge has accelerated the development of new
therapies to target molecular alterations that drive tumor cell growth. Abnormal proliferation
with dysregulation of normal cell cycle control are common to all cancer types.? Cell cycle
progression plays a crucial role in cell proliferation, and alterations in cell cycle regulators have
been acknowledged as a hallmark of cancer.? Cyclin-dependent kinases, CDK4 and CDK®,
drive cell cycle progression from GO or G1 phase into S phase where DNA replication occurs.?
Therefore, CDK4/6 are appealing targets for novel cancer therapeutics.*

Palbociclib (a selective CDK4/6 inhibitor) has been approved by the Food and Drug
Administration for postmenopausal women with HR (hormone-receptor)-positive, HER2
(human epidermal growth factor receptor 2)-negative advanced or metastatic breast cancer in
combination with an aromatase inhibitor or fulvestrant, and recently the approval has been
expanded to include male breast cancer.® Although palbociclib has high selectivity, several
relevant adverse effects including neutropenia have been reported.® To increase efficacy of
palbociclib and reduce adverse effects, one strategy is to conjugate the drug to an antibody or
small molecule that can enhance intracellular drug concentrations in cancer cells relative to
non-cancerous cells, increasing therapeutic indices.’

Theranostics is a combination of the term therapeutics and diagnostics.? Theranostics are small
molecules or nano-size compounds serving for both therapy and diagnosis. They have attracted
much attention as they can play a vital role in reducing the side effects and evaluating the
therapeutic efficiency of a prodrug in vivo.® Heptamethine cyanine dyes (HMCDs) are a class
of near-infrared fluorescent (NIRF) compounds that have recently emerged as promising
agents for drug delivery with tumor-targeting properties.® Initially explored for their use in
imaging neoplasms, their tumor-targeting properties and their tumor selectivity is primarily
attributed to their uptake by isoforms of organic anion transporting polypeptides (OATPS)
which are overexpressed in cancer tissues.!1? A particular heptamethine cyanine dye (MHI-
148) was reported to readily form an adduct with albumin,*® and MHI-148 can be imported via
albumin receptors which are over-expressed on cancer cells.'* MHI-148 has previously been
conjugated to kinase inhibitors (e.g. dasatinib®®) with the goal of selectively delivering them to
solid tumors.'®17 Since MHI-148 was reported to have tumor-targeting capability,'® it was used
as the NIRF agent in our study. Therefore, we resynthesized the MHI-148 palbociclib
conjugate, hereafter referred to as MHI-palbociclib, as reported in a patent (US 2019/0343958)
to examine its effect and explored the mechanism of action of the conjugate in oestrogen
receptor positive MCF-7 and triple-negative MDA-MB-231 human breast cancer cell lines.

Materials and Methods

Synthesis of MHI-palbociclib

MHI-palbociclib was designed to connect palbociclib to MHI-148 via the solvent-exposed
piperazine group of the kinase inhibitor, according to a previously published protocol
(https://www.freepatentsonline.com/20190343958.pdf)
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Absorbance and fluorescence spectra measurements

The absorbance and fluorescence emission spectra of up to 7 three-fold serial dilutions of MHI-
148 and MHI-palbociclib in DMSO ranging from 102 to 102 uM were acquired at 25°C. We
used DMSO instead of a more physiologically relevant aqueous buffer for dissolving the
compounds because MHI-palbociclib rapidly precipitates in aqueous environments in high
concentration.

a) Absorbance spectra of the test compound solutions (200 pL) plated in a 96-well polystyrene
flat-bottom transparent microplate were acquired on a quad monochromator-equipped
microplate reader Enspire 2300 (Perkin-Elmer; Singapore) from 650 nm to 900 nm in 1 nm
increments.

b) Fluorescence emission spectra of the compound solutions in a 2 mL semi-micro quartz
cuvette were measured on a FP-8600 spectrofluorometer (JASCO; Japan) between 790 nm and
850 nm in 1 nm increments at the excitation wavelength of 780 nm. The fluorescence emission
was measured at high sensitivity of the instrument, excitation and emission bandwidth of 5 nm,
50 ms response time and scan speed of 1000 nm per minute.

Cell lines

All cell lines were passaged in aMEM supplemented with 5% fetal bovine serum (FBS), and
insulin/transferrin/selenium supplement (Roche) without antibiotics for less than 3 months
from frozen stocks confirmed to be mycoplasma-free. The human breast cancer oestrogen
receptor positive MCF-7 and triple-negative MDA-MB-231 cell lines, and the human
embryonic kidney cell line HEK293 were purchased from the American Type Culture
Collection (ATCC). The Chinese hamster ovary CHO cell lines, and their DNA repair
genotypes and origins, were as follows: 51D1%° (rad51d knockout) and 51D1.3'° (51D1
complemented with CHO Rad51d). All cell lines tested negative for mycoplasma
contamination (PlasmoTestTM - Mycoplasma Detection Kit, InvivoGen, San Diego, CA).

Cell proliferation assays and viability assay

As described previously,? 3000 cells per well were seeded in 96-well plates and incubated in
the presence of varying concentrations of drugs for three days. Cell proliferation was measured
by thymidine uptake assay, cell growth by sulforhodamine B (SRB) colorimetric assay?* and
cell viability by WST-1 assay as previously described. 22

Briefly, for the proliferation assay,?® [*H]-thymidine (0.04 nCi) was added to each well and
plates were incubated for 5 h, after which the cells were harvested onto glass—fiber filters using
an automated TomTec harvester. Filters were incubated with Betaplate Scint and [*H]-
thymidine incorporation was measured in a Trilux/Betaplate counter. Cell proliferation was
determined by the percentage incorporation of [*H]-thymidine.

The SRB colorimetric assay, which is based on the measurement of cellular protein content,
was used to measure cell density.?! After drug treatment for 3 days, cells were fixed with 10%
(wt/vol) trichloroacetic acid and stained for 30 min, and the excess dye was removed by
washing repeatedly with 1% (vol/vol) acetic acid. The protein-bound dye was dissolved in Tris
base solution (10 mM) for optical density determination at 510 nm using a microplate reader.
Optimal cell densities were previously determined to select initial cell densities that ensured
that cells were in logarithmic phase for the experiments.

For viability, superoxide dismutase activity was measured using a water-soluble tetrazolium
salt (WST-1) (purchased from Roche) after drug treatment for 3 days. The stable tetrazolium
salt WST-1 is cleaved to a soluble formazan by a complex cellular mechanism that occurs
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primarily at the cell surface. This bioreduction is largely dependent on the glycolytic
production of NAD(P)H in viable cells. Therefore, the amount of formazan dye formed directly
correlates with the number of metabolically active cells in the culture.

All experiments were carried out using duplicate wells in three independent experiments.

Measurement of DNA content for cell cycle analysis

As previously described,?* cells (1 x 108 cells) were grown in six-well plates and incubated
with drugs for 24 h. Cells were harvested, washed with 1% FBS/phosphate-buffered saline
(PBS), resuspended in 200 pl of PBS, fixed in 2ml of ice-cold 100% ethanol, and stored
overnight at —20°C. The cells were washed and resuspended in 1 ml of 1% FBS/PBS containing
RNase (1 pg/ml) and propidium iodide (PI) (10 pg/ml) for 30 min at room temperature. DNA
content was determined using forward scatter (FSC) intensity by Pl staining based on a total
of 25,000 acquired events on a BD Biosciences Accuri C6 flow cytometer and cell cycle
distribution was analysed using FlowJo version 10.7.2.

Propidium iodide staining

Cells (1 x 10°) were incubated with drugs for 24 h. Cells were next incubated with 50 ug/ml
Pl in growth media for 15 min at room temperature and protected from light. Cell death was
monitored by fluorescence staining of DNA by PI and analysed by fluorescent microscopy
using Floid imaging station (460x magnification).

Confocal imaging

MCEF-7 cells were treated with 20 uM MHI-palbociclib at 37°C for 2 h and MitoTracker green
for 30 min before imaging. Images were captured using a Zeiss LSM 800 Airyscan confocal
microscope. Single optical sections of the cells were imaged with a 10%/0.45 NA Plan
Apochromat objective lens. Red fluorescence was acquired using a 561nm diode-pumped laser
with an emission range of 570-700 nm. Green fluorescence was captured using a 488 nm diode
laser with an emission range of 493-585 nm. The field of view was 638.90 x 638.90 microns.

Chemical space

The Scigress version FJ 2.6 program?® was used to build the compound structures and derive
their molecular descriptors; the MM326-28  force field was applied to identify the global
minimum using the CONFLEX method?® followed by structural optimization. The Log P
values were derived according to Ghose et al.>° and the solvent accessible surface (SAS) area
was calculated at an optimized geometry in water; the water geometry is from optimization
using MO-G with PM6 parameters and the Conductor like Screening Model (COSMO).3!

Statistical analysis
Results are presented as mean £ SEM. Unpaired t-tests were used for comparison between two
groups.

Results

Physicochemical properties of the NIRF dye MHI-148 and its conjugate with palbociclib
Palbociclib®? was conjugated to MHI-148 via the solvent-exposed piperazine group (Figure
1). The conjugation of palbociclib to MHI-148 did not significantly change the absorbance or
fluorescence properties of the parent MHI-148 dye in DMSO solution (Figure 1).
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Figure 1. The conjugation of palbociclib to MHI-148 does not significantly influence the absorbance
and fluorescence properties of the parent MHI-148 dye. (A) Absorbance spectra of MHI-148 and MHI-
palbociclib in DMSO. A representative experiment of two independent repeats. Vertical lines denote
Amax Which indicates the wavelength at the peak maximum. (B) Fluorescence spectra of MHI-palbociclib
in DMSO. Each fluorescence emission spectrum represents an average of three measurements. Only
MHI-palbociclib is displayed as MHI-148 showed essentially identical normalised spectra. (C) Impact
of fluorophore concentration on fluorescence intensity and peak wavelength. Each data point represents
a mean and standard deviation of respective values for MHI-148 and MHI-palbociclib obtained from
data in panel B. Increasing MHI-palbociclib’s concentration red-shifts the fluorescence and induces
self-quenching.

Effect on cell proliferation, growth and viability

The effect of MHI-palbociclib was compared to palbociclib and MHI-148 in breast cancer and
non-cancerous cell lines where cell proliferation (measured by [3*H]-thymidine incorporation),
cell growth (measured by SRB assay), and cell viability (measured by WST-1 assay) were
examined (Figure 2).

The breast cancer oestrogen receptor-positive MCF-7 cells showed higher sensitivity than the
triple-negative MDA-MB-231 cells towards palbociclib in the proliferation assay (Figure 2A),
while the non-cancerous cells showed significantly increased resistance (significantly higher
ICso values) as compared to the breast cancer cell lines (Table 1 and Supplementary Table S1).
Our data is similar to the previously reported palbociclib 1Cso for MCF-7 and MDA-MB-231
(148 £ 25.7 and 432 + 16.1 nM, respectively) determined using a different proliferation assay
(a 2.5-fold versus 2.9-fold difference comparing the 1Cso of the two cell lines using our data
and the data from Finn et al., respectively).3* As a highly selective CDK4/6 inhibitor,
palbociclib is expected to have cytostatic effects by causing cell cycle arrest at the G1/S
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checkpoint which leads to disruption of cancer cell proliferation. 353 We therefore confirmed
that the viability (measured by WST-1 assay) of the tested cell lines was not affected by
palbociclib treatment (Figure 2G). Increased inhibition (measured by SRB assay) was observed
in all the cell lines tested (Figure 2D).
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Figure 2. Effect of palbociclib, MHI-148 and MHI-palbociclib on (A-C) cell proliferation ([*H]-
thymidine incorporation assay), (D-F) cell growth (SRB assay) and (G-1) cell viability (WST-1 assay).
Effects on breast cancer cell lines and non-cancerous cell lines were measured after 3 days treatment
with the compounds. Data presented is an average of at least three independent experiments.

MHI-148 did not show any inhibitory effect on proliferation, growth, or viability in any of the
cell lines tested (Figure 2B, E and H).

In contrast, MHI-palbociclib displayed strong inhibitory effects on proliferation, growth and
viability (Figure 2C, 2F and 2I, Table 1). Unlike the increased sensitivity to palbociclib in
breast cancer cells, both breast cancer cells and non-cancerous cells (HEK293, CHO variants
51D1 and 51D1.3) showed similar sensitivity to MHI-palbociclib in cell growth (Figure 3C).
Surprisingly, MHI-palbociclib significantly decreased cell viability as compared to palbociclib
(Figure 21 and Table 1).
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Table 1. I1Cso values of palbociclib, MHI-148 and MHI-palbociclib in breast cancer MCF-7
and MDA-MB-231 cell lines, and non-cancerous HEK293, 51D1 and 51D1.3 cell lines.

MCF-7 MDA-MB- | | iek203 51D1 51D1.3
231

Palbociclib | 29.1+8.6 | 72.2+2.8 >2500 >2500 >2500
ICs0 (nM) MHI-148 >2500 >2500 >2500 >2500 >2500
Thymidine | MHI- 215.4 + 170.1 + 1705+ | 2052+ | 217.0+
incorporation | palbociclib 0.8 9.7 41 4.6 8.7

Palbociclib >2500 >2500 >2500 >2500 >2500

MHI-148 >2500 >2500 >2500 >2500 >2500
ICs0 (nM) MHI- 506.4 + 682.8 + 170.6 + 187.0 + 163.8 +
SRB assay palbociclib 93.6 29.6 7.9 3.9 6.8

Palbociclib >2500 >2500 >2500 >2500 >2500

MHI-148 >2500 >2500 >2500 >2500 >2500
IC50 (nM) MHI- - 845.4 + 1016.8 + 417.6 + 197.2 + 400.7 + 89
WST-1assay | palbociclib 34.3 150 68.3 15.7

The growth inhibitory effect of MHI-palbociclib at 2.5 uM was significantly greater than that
of the combination of individual unconjugated compounds (palbociclib and MHI-148) in MCF-
7 (T-test, p = 0.002) and MDA-MB-231 (T-test, p = 0.003) (Figure 3), indicating the enhanced
effect was not due to co-incubation of the unconjugated NIRF dye MHI-148 and palbociclib.
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Figure 3. Inhibition of relative growth by MHI-palbociclib is significantly higher than the parent
compound palbociclib, or the combination of palbociclib with unconjugated MHI-148, in breast cancer
MCF-7 and MDA-MB-231 cell lines. Effects on breast cancer cell lines were measured after 3 days
exposure to the compounds. Data presented is an average of at least three independent experiments.


https://doi.org/10.1101/2021.11.02.466693

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.02.466693; this version posted November 4, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Cell cycle arrest

The inhibitory effect of the cytostatic compound palbociclib on proliferation (measured by
thymidine uptake) were many fold higher than growth (measured by SRB) and viability
(measured by WST-1) (Figure 2). The main basis for inhibition of proliferation was the
induction of cell cycle arrest by palbociclib.® Whereas MHI-palbociclib exhibited similar 1Cso
on cell proliferation, growth and viability, suggesting the characteristic is more similar to a
cytotoxic compound. Since palbociclib treatment is known to induce G1 cell cycle arrest in

MDA-MB-231 cells,®® we assessed whether MHI-palbociclib shares the same function.
Recapitulating previously reported evidence, palbociclib treatment resulted in a prominent G1
cell cycle arrest in MDA-MB-231 cells versus untreated cells (87% vs 48%, respectively). A
significant reduction in G1 cell cycle arrest in MHI-palbociclib treated cells (55%) as compared
to palbociclib treated cells (87%) was observed (T-test, p < 0.0001) (Figure 4), further
suggesting that the mode of action of MHI-palbociclib in this cell line is different to that of
palbociclib.
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Figure 4. The cell cycle proportions of MDA-MB-231 breast cancer cells after exposure to 500 nM
palbociclib or MHI-palbociclib for 24 h, followed by flow cytometry cell cycle analysis. Control: no
drugs administered. Representative cell cycle profiles are shown on the left, and the average result of
three independent experiments are shown in the bar graph.

Cytotoxic property of MHI-palbociclib

To ascertain typical features of dying cells, the membrane-impermeable dye propidium iodide
(P1) was used to show binding to DNA upon membrane damage, which occurs at late apoptotic
or early necroptotic events.” We demonstrated that increased Pl staining and reduced cell
number were observed in MHI-palbociclib-treated cells but not palbociclib-treated or untreated
cells, supporting the cytotoxic effect of MHI-palbociclib (Figure 5).
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Figure 5. Cytotoxicity in MDA-MB-231 cells after MHI-palbociclib treatment is significantly greater
than after treatment with palbociclib. After exposure to 1 uM of indicated compound for 24 h, dying
cells were stained by propidium iodide (red). Photographs were taken by Floid imaging station (460x
magnification). Representative images of three independent experiments are shown.
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Figure 6. MHI-palbociclib localized in mitochondria. Red fluorescence (MHI-palbociclib) (A, D) and
green fluorescence (Mitotracker Green) (B, E) were captured using confocal microscopy. DMSO was

used as control. (F) Merged image showing MHI-palbociclib (red) co-localized in mitochondria
(Mitotracker Green). Scale bar: 50 um.
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Mitochondrial Localization
We investigated the subcellular localization of MHI-palbociclib in the MCF-7 breast cancer
cell line. Merged images revealed an overlap of the cytoplasmic staining of MHI-palbociclib
with a fluorescent marker of mitochondria (Figure 6), indicating the targeting potential of MHI-
palbociclib to mitochondria.

Chemical Space

The calculated molecular descriptors MW (molecular weight), log P (water-octanol partition
coefficient), HD (hydrogen bond donors), HA (hydrogen bond acceptors) and solvent
accessible surface (SAS) area are given in Table 2 derived using the Scigress program.?®

Table 2. The molecular descriptors as calculated by the software Scigress

MW Log SAS

(g/mol) P HD HA (A2)
Palbociclib 447.5 23 2 9 451.9
MHI148 684.3 7.7 2 5 641.6
MHI-palbociclib | 1543.4 11.2 2 21 1198.4

Large differences in molecular weights, Log P and SAS area are observed between MHI-
palbociclib, MHI-148 and palbociclib as seen in Table 2. MHI-palbociclib has obviously much
larger mass, its log P value is >10 characterizing it as extremely lipophilic, and the SAS area
is much larger. The lipophilic MHI moieties in which the positive charge is dispersed over a
large surface area can easily pass through lipid bilayers and the potential gradient drives their
accumulation into the mitochondrial matrix. The calculated properties indicate that the
distribution of palbociclib in cells will likely be different to that of MHI-palbociclib since
the lipophilic conjugate can be expected to be present in lipophilic environments such as the
mitochondria.3®

Discussion

We have synthesized MHI-palbociclib according to the previously reported protocol and
demonstrated that MHI-palbociclib showed increased potency in inhibiting cell growth and
viability as compared to palbociclib in breast cancer cell lines MCF-7 and MDA-MB-231 (and
also in non-cancerous HEK293, 51D1 and 51D1.3 cells). In MHI-palbociclib treated cells, the
increased cytotoxic effect (as measured by Pl staining in Figure 5) presumably contributed to
the observed efficacy in growth inhibition and viability reduction (Figure 2F and I), whilst the
cells treated with palbociclib showed the characteristic and expected cytostatic effects®3°
(minimal P1 staining, no effect on viability and growth, and increased cell cycle G1 arrest) in
our study. Our results suggests that MHI-palbociclib has a different mechanism of action to
that of palbociclib.

Previous studies have demonstrated the preferential retention of NIRF dyes in the mitochondria
of cancer cell lines,'> while palbociclib was retained in the lysosomal compartment,
presumably because of protonation of the piperazine side chain in this acidic organelle.*° The
localization of MHI-palbociclib in mitochondria (Figure 6) recapitulated that of the dye MHI-
148 rather than that of palbociclib, which is not unexpected given that in the MHI-palbociclib,
the basic piperazine group is converted to a neutral amide functionality. However, we cannot
exclude the possibility that some conjugate may have undergone hydrolysis to release
palbociclib. The chemical space data indicated that MHI-palbociclib is very lipophilic (its log
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P value is >10) and could therefore be expected to accumulate in the mitochondria, supporting
the localization in mitochondria observed in our study. While the palbociclib moieties of MHI-
palbociclib might retain their kinase inhibitory properties when conjugated, intracellular kinase
inhibition could be altered by the lipophilic nature of MHI-palbociclib and by its sequestration
in mitochondria.

The significant difference in G1 cell cycle arrest induction in palbociclib-treated cells
compared to MHI-palbociclib-treated cells (Figure 4) demonstrated that the MHI-palbociclib
indeed had a different mode of action compared to the parent compound palbociclib, at least in
the cell lines we examined.

It is known that serum albumin accumulates in regions of proliferating tumor cells, which is
thought to be a result of the enhanced permeability and retention effect (EPR).%* As a natural
ligand carrier, aloumin has shown remarkable promise as a carrier for anti-cancer agents to
promote their accumulation within tumors.*! In the presence of albumin, MHI-148 rapidly
forms a non-covalent complex, and, like other HMCDs containing a meso-chlorine, over time
the albumin free thiol displaces the meso-chlorine to form a covalent adduct.*® As the cell-
based assays in our study were performed in the presence of 5% FBS (equating to an albumin
concentration of ~19 uM in the culture medium), the albumin concentration was in excess
compared to the concentration of MHI-148 and MHI-palbociclib in all experiments. Therefore
the cell-based assays involving MHI-148 and MHI-palbociclib presumably contained a
mixture of species including the parent drug, a noncovalent adduct, and a covalent adduct. It is
highly likely that MHI-148 will enhance cancer cell accumulation of derived conjugates.
However, the role of albumin-binding in intracellular trafficking remains to be investigated
thoroughly and is likely dependent on both the type of therapeutic cargo and formulation.

From our study, MHI-palbociclib is likely to engage a different target and perform a different
function other than CDK4/6 inhibition. It is worth noting that in MHI-palbociclib, palbociclib
was linked to MHI-148 by an amide bond, which can be expected to be much more stable
intracellularly than the ester group used to link dasatinib to MHI-148.%

For future study, the use of a cleavable linker such as a disulfide-based linker > may allow for
selective intracellular release of the active molecule (palbociclib) upon glutathione reduction
and linker cleavage, since many cancer cells contained elevated GSH levels in comparison with
normal cells.** Since MHI-palbociclib was localized to mitochondria, a monosubstituted
disulfide linker could be considered as the chemical cleavage of disulfide linkers in the
mitochondria was reported to differ significantly.** Another important aspect is to maintain the
tumor targeting potential of the conjugate to achieve good therapeutic index for future
development.
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MDA-MB-
MCF-7 HEK293 51D1 51D1.3
231
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assay + + 43.8+5. + +
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