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1. Introduction

HER2-amplified breast cancers and estrogen receptor (ER)-positive breast cancers are susceptible to HER2
inhibitors and ER inhibitors, respectively. Treatment with these targeted agents, however, elicits transient
responses, and strategies to sensitize these cancers further with the addition of rationally implemented targeted
therapies continues to be the subject of intense research. In this grant, we have posited that low expression of
the endogenous MCL-1 inhibitor, NOXA, in HER2-amplified breast cancers causes i) resistance to HER2
inhibitors through MCL-1 activity and ii) susceptibility to combination therapies with MCL-1 inhibitors. The
mechanism is through suppression of ER-mediated loss of NOXA transcription, which is mediated by
miRNA4728, a gene found to be coamplified with HER2 in these cancers. In addition, through an overlapping
mechanism, treatment of ER-positive breast cancers with ER inhibitors leads to loss of NOXA transcription. In
both cases, addition of MCL-1 inhibitors, either MCL-1 BH3 mimetics or CDK inhibitors that block MCL-1
transcription, and can induce cell death.

2. Keywords: MCLA1, targeted therapy, apoptosis, resistance, NOXA

3. Accomplishments

Major Task 1: Characterize the miRNA4728/ER/NOXA axis in HER2-amplified breast cancers and its role
in intrinsic resistance to HER2i

Subtask 1: In collaboration with Dr. Mikhail Dozmorov (VCU), we will analyze annotated breast cancer samples
in CCLE and other publicly available databases to determine if NOXA and/or MCL-1 levels predict responses
and survival in breast cancer.

We first evaluated NOXA (encoded by PMAIP1) and MCL1 RNA levels in breast cancer samples from The
Cancer Genome Atlas (TCGA). Briefly, open access gene expression data summarized as RSEM values were
obtained using the TCGA2STAT R package v 1.2, along with the corresponding clinical annotations.

To determine if NOXA and/or MCL-1 levels predict responses and survival in breast cancer, we analyzed
Correlation graph Expression plot annotated breast cancer samples in publicly
available cancer genomics databases.
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expression on overall survival. Briefly, the data
was log2-transformed and analyzed using
Kaplan-Meier curves and Cox proportional hazard
model. A modified approach was used to estimate
the best gene expression cutoff that separates high/low expression subgroups with differential survival.

Figure 1. MCLA1 is highly expressed in breast cancer
and uncorrelated with NOXA RNA expression.

We classified breast cancer samples using the gold-standard PAMS50 classifier into five subtypes (Normal-like,
Basal, HER2 amplified (Her2), luminal A (LumA), and luminal B (LumB). The expression of both NOXA and
MCL1 was significantly different across the different subtypes (ANOVA p-value < 2.2e-16 and 3.82e-13 for NOXA
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ER-positive breast cancers were among the most susceptible to NOXA and MCL1 gene expression changes
(Fig. 4). Akin to the survival effect in all breast cancer samples, higher expression of either NOXA or MCL1 was
associated with longer survival, and this effect was most significant for NOXA (p-value = 0.0035). These data
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positive breast cancer patients on the ER
inhibitor, Letrozole. Pretreated and tumors

Figure 4. Association of NOXA and MCL1 expression with treated with Letrozole for over 2 weeks were
survival in estrogen receptor-positive breast cancer assessed from a publicly available database.

Interestingly, we found that NOXA mRNA

levels were markedly suppressed following 2 weeks of letrozole treatment compared to other BCL2 family
members (BBC3: PUMA, BCL2L11: BIM, BCL2L1: BCL-XL; Fig. 5). These findings support our previous
observations indicating that low expression of NOXA in HER2 amplified breast cancer is a key alteration following
ER inhibition, and are aligned with our hypothesis.
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Figure 5. BCL-2 family gene expression changes in breast cancer following treatment
with Letrozole. Genes encoding for BCL-2 members displayed no expression changes
following two weeks of Letrozole treatment, except for NOXA, which levels were markedly
lower in the letrozole post-treatment samples.

Subtask 2: In collaboration with Dr. Edi Brogi, (Director of Breast Pathology, MSKCC), and Dr. Mikhail Dozmorov
(Department of Biostatistics, VCU), we will evaluate 180 samples of clinically annotated HER2+ breast cancer
specimens collected at MSKCC for HERZ2 levels, NOXA levels, and MCL-1 levels by immunohistochemistry.

We conducted the IHC assay validation using a series of molecularly altered cell models including syngeneic
breast cancer cell lines with manipulation of NOXA (Table 1 lists cell lines and results of staining, EV=empty
vector, OE=overexpression, KD=knockdown).

Table 1

TISSUE Diagnosis IHC Result
MDA-MB453 NOXA OE; cell pellet |[NOXA negative control + cp/ncl
SKBR3 NOXA OE; cell pellet SKBR3 (NOXA (transf/overexpression) [[++++ cp,w
SKnDZ NOXA KD; cell pellet SKnDZ NOXA-knock-down neg (foc)
EFM192A EV; cell pellet NOXA negative control ++ cp
SKBR3 EV; cell pellet SKBR3 (empty vector) +++ cp
EFM192A NOXA OE; cell pellet NOXA negative control ++++ cp granular
SK-N-BE2 EV; cell pellet SK-N-BE2 (empty vector) foc cp w




Immunohistochemical Detection of NOXA/PMAIP1
To establish a rigorous assay for the assessment of NOXA expression, Dr. Achim Jungbluth and Dr. Edi Brogi

Figure 6. Validation of
NOXA Ab 114C307. NOXA
protein  expression in
H1048 cells (high NOXA
levels (top) and in EFM-
192A cells (low NOXA

comprehensively evaluated the suitability of NOXA/PMAIP1 commercial
antibodies. Given the inconsistent results obtained using polyclonal antibodies, we
focused on assays with monoclonal antibodies. All immunohistochemical analyses
were performed on a Leica Bond-3 (Leica, Buffalo Grove, IL) automated stainer
platform and on formalin-fixed paraffin embedded (FFPE) tissues. Initial testing of
antibody clones was conducted on a panel of ten normal tissues. Assay
optimization included the modification of titration steps, and of heat-based antigen
retrieval steps using low pH citrate (ER1, Leica) and high pH TRIS buffer (ER2,
Leica). A polymer based secondary kit (Refine, Leica) was used to detect the
primary antibody signal.

In the initial testing the clone D8L7U (#147665; Cell Signaling Technology,
Danvers, MA) was found to be not suitable for the assessment of NOXA/PMAIP1
expression (data not shown). Analyses using clone 114C307 (ab13654; Abcam,
Cambridge, MA) showed a staining pattern in normal tissues compatible with
detection of NOXA/PMAIP1 expression. For example, strong NOXA expression
was observed in tubules of the kidney cortex, while testicular germ cells were
negative (data not shown). Specificity was further analyzed in FFPE pellets of
various cell lines. NOXA/PMAIP1 mRNA levels were tested by RT-PCR and/or
compared to publicly available databases of the Broad Institute
(https://portals.broadinstitute.org/ccle). Representative micrographs displaying
NOXA expression in control cell lines as detected by IHC are shown in Fig. 6. The
control cell lines allowed us to robustly validate a NOXA antibody (mAb 114C307
- ab13654). These findings were also validated in human neoplasms and in

levels; bottom). controls. Taken together, we
implemented a robust and
specific assay for the assessment

of NOXA expression.

Immunohistochemical Detection of MCL-1

To establish a robust IHC assay for the assessment of MCL-1
expression, in the Reis-Filho laboratory we assessed the
performance of different commercially available antibodies for
MCL-1. Given the high MCL-1 mRNA expression levels in MCF-
7 cells (normalized protein-coding transcripts per million
(nTPM)=160.3) and low expression levels in HEK293 cells,
(nTPM=68.3; PMID: 31857451), FFPE cell pellets of these cell
lines were used as controls. As an orthogonal validation step,
we conducted the assessment of MCL-1 protein expression in
HEK293 and MCF-7 cell lysates by western blot (MCL1
antibody, clone D2WO9E; #94294, Cell Signaling Technology,
Danvers, MA). In agreement with our findings at the gene
expression level, we observed higher MCL-1 protein levels in
MCF-7 cells compared to HEK293 cells (Fig. 7A). Using HEK-
293 and MCF-7 FFPE cell pellets, as well as a panel of 10
different normal tissues, we assessed the suitability of various
monoclonal antibodies for the immunohistochemical detection
of MCL-1, and conducted their optimization, including the
modification of titration steps. We observed high MCL-1
expression in testis and low expression in lung tissues (data not
shown) using the MCL-1 clone RC13 antibody (Santa Cruz
Biotechnology, Dallas, Texas; dilution 1:100), as previously
reported (PMID: 31857451). Upon IHC analysis of the FFPE cell
pellets using this clone, we observed statistically significantly
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Figure 7. Optimization of MCL-1 detection
by immunohistochemistry. (A) MCL-1
protein expression in HEK-293 and MCF-7
cells by western blot and (B) MCL- 1 protein
expression by IHC using the clone RC13 MCL-
1 antibody.




higher MCL-1 protein expression levels in MCF-7 cells compared to HEK293 cells (P=2.9 x 10-5, student’s t-
test; Fig. 7B), in agreement with our observations by western blot. Taken together, we established a robust
assay for detection of MCL-1 by IHC, which was used for the assessment in tissues samples.

Human Breast Cancer Sample Testing

We obtained HPRO approval and MSK IRB approval for our plans for testing breast cancers using this assay.
We have further searched among an initial cohort of over 600 samples and regrettably most of these were
exhausted.

Given the success and promise of the FDA approved antibody drug conjugates (ADCs) Ado-trastuzumab
emtasine (T-DM1) and trastuzumab deruxtecan (T-DXd) in HER2-positive breast cancer (PMID: 36255231,
PMID: 35674041, PMID: 34380530, PMID: 34263665, PMID: 31825192, PMID: 31047803), along with the rapid
development of novel anti-HER2 ADCs, we have shifted the focus of this work towards the study of the ER/NOXA
axis in ER-positive/HER2-negative breast cancer as detailed under Major Task 2. Thus, we employed the IHC
assays we previously implemented for the assessment of MCL-1 and NOXA expression in a cohort of ER-
positive/HER2-negative breast cancers (see below, Major Task 2).

Subtask 3: In Dr. Scalltriti’s laboratory, we will determine the role of NOXA/MCL-1 in a panel of HER2 amplified
breast cancer intrinsic resistant models to diverse HERZ2 inhibitors.

Using BT-474 cells (moderate HER2 inhibitor sensitivity) and MDA-MB-453 (intrinsically resistant to HER2
inhibitors) HER2-amplified breast cancer cells, we examined whether targeting MCL-1 would result in their
sensitization to different HER2 inhibitors. Using the MCL-1 inhibitor dinaciclib we observed robust sensitization
to the HER2 inhibitor lapatinib (see Floros et al., appended, Fig. 1B and 1C). This sensitization was through
on-target downregulation of MCL-1 (see Floros et al., appended, Fig. 1A) and subsequent apoptosis (see
Floros et al., appended, Fig. 1D). Through immunoprecipitation studies, we demonstrated that dinaciclib
treatment leads to the loss of BIM:MCL-1 complexes and BAK:MCL-1 complexes, resulting in cell death (see
Floros et al., appended, Fig. 1E). We noted similar sensitization of the MCL-1 inhibitors A1210477 or dinaciclib
to lapatinib (see Floros et al., appended, Sup. Figs. 1 and 4).

To further probe the role of BAK:MCL-1 complexes, we knocked down BAK with shRNAs and through a BAK Ab
immunoprecipitation cell death assay in both the HER2 amplified, HER2 inhibitor-intrinsic resistant HCC1419
and MDA-MB-453 breast cancer cells (see Floros et al., appended, Fig. 2A and 2B). We next overexpressed
MCL-1 in the SKBR3 HER2-amplified breast cancer cells (HER2 inhibitor sensitive) and intrinsically resistant
cells (HCC1419) to determine if this would mitigate toxicity to HER2 inhibitor treatment. Indeed, MCL-1
expression abrogated sensitivity to lapatinib (Floros et al., appended, Fig. 2C-2F).

We next repeated these experiments with the HER2 inhibitor, Tucatinib. Again, we found that MCL-1 was
sufficient to induce intrinsic resistance, and, targeting MCL-1 with dinaciclib was sufficient to reverse intrinsic
resistance (Floros et al., appended, Fig. 3). Again, dinaciclib did so by displacing BIM and BAK from MCL-1,
echoing the mechanism of sensitivity to lapatinib.

Notably, overexpression of other major BCL-2 family proteins, BCL-2 or BCL-xL, did not have an impact on
resistance to HER2 inhibitor, dinaciclib or the combination (see Floros et al., appended, Sup. Fig. 3). These
data demonstrate that dinaciclib works as an MCL-1 inhibitor to sensitize to HER2 inhibitors in HER2 amplified
breast cancer, and that MCL-1 is the major anti-apoptotic protein that impacts the ability of HER2 inhibitors to
induce cell death and sensitivity.

Lastly, in a mouse model of HER2-amplified BT-474 cells, targeting MCL-1 led to marked sensitization of the
tumors to HER2 inhibition (see Floros et al., appended, Fig. 4). Overall, MCL-1 is a major resistance factor to
HER?2 inhibition, and its targeting is effective to induce sensitivity to different HERZ2 inhibitors.
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evaluated by flow cytometry following the indicated treatments.

Major Task 2: Characterize the role of
the ER-NOXA axis in response to
anti-estrogens in ER+ positive breast
cancer in vitro and in clinical
specimens.

Subtask 1: In the Faber and Scaltriti
laboratory, we will determine how the
MCL-1 inhibitor S63845 is sensitizing to
ER inhibitors.

The combination of ER inhibitors with
MCL-1 inhibition has been tested.
Treatment of the ER-positive breast

cancer cell lines T47D, MCF7 and
MDA-MB-361 with increasing
concentrations of the ER inhibitor

fulvestrant in the presence of the MCL-
1 inhibitor S63845 led to synergistic
activity over 72h (Figs. 8A and 8C). In
addition, assays using crystal violet
over longer time periods (7d)
demonstrated a strong combination
effect in these cell models (Fig. 8B).
The combination therapy resulted in
enhanced apoptotic cell death (Figs.
8D-8E). These data demonstrate that
MCL-1 inhibitors do indeed sensitize
ER-positive breast cancer models to ER
inhibitors.

Next, using the ER-positive breast cancer cell lines HCC1500 and
T47D, we investigated the integrity of BCL-2 member complexes to
determine whether there would be changes in these complexes that
would elicit the sensitivity to ER inhibitors in combination with MCL-
1 inhibitors we observed. In agreement with the rest of our data, we
observed that treatment with fulvestrant resulted in increased MCL-
1 levels bound to BIM (as a result of decreased NOXA levels). In
addition, S63845 was found to abolish this complex inducing cell
death (Fig. 9).

We next determined the impact of NOXA expression on the effect
of ER inhibition in ER-positive breast cancer cell models.
Expression of exogenous NOXA, to prevent its downregulation,
following ER inhibitor treatment, sensitized the cell models to ER
inhibitor-induced cell death. Taken together, these data
demonstrate that MCL-1 inhibition leads to sensitization to ER
inhibitors through downregulation of ER-NOXA by ER inhibitors
(Fig. 10).
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Subtask 2: In collaboration with Drs. Edi Brogi, (Director of
Breast Pathology, MSKCC), and Dr. Mikhail Dozmorov
(Department of Biostatistics, VCU), we will analyze ~400 ER+
breast cancer samples and 180 HER2+ samples and their

relationship to NOXA, MCL-1 and patient outcomes.

In the last year of this grant, in the Reis-Filho laboratory we
have expanded on the analyses we previously conducted on
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samples according to NOXA and MCL-1 expression.
(A-B) Correlation between (A) NOXA and (B) MCL-1
expression with TIL infiltration. Spearman’s test. (C-D)
Extent of TIL infiltration in (C) NOXA-high vs NOXA-low
and (D) MCL-1 high vs MCL1-low cases according to cut-
off determined though maximally selected rank statistic
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Figure 10. Re-expression of NOXA following ER
inhibitor leads to sensitization to cell death.
Exogenous NOXA or control, empty vector (EV) was
expressed and cells were treated with either vehicle
(No Rx) or the ER inhibitor fulvestrant (Fulv).

the study of the NOXA/MCL-1 axis in ER-
positive/HER2-negative breast cancer. In previous
years, we had reported that patients with ER-
positive/HER2-negative breast cancer displaying
high NOXA expression had a shorter relapse-free
survival (RFS) than patients with NOXA-low breast
cancers. Notably, the opposite has observed for
MCL-1 (i.e. patients with MCL1-low breast cancers
had a longer RFS than those with high MCL-1
levels).

To characterize the role of the NOXA/MCL-1 axis in
ER-positive/HER2-negative breast cancer further,
during the last year of this grant we conducted i) the
characterization of the immune infiltration in the
cohort of ER-positive/HER2-negative breast cancers
previously studied and ii) the analysis of a second
cohort of ER-positive/HER2-negative breast cancers
with available targeted sequencing data to
understand whether the repertoire of genetic
alterations of these tumors would vary according to

method. Wilcoxon test.

their NOXA/MCL-1 expression levels.

We sought to determine whether there would be a
relationship between the extent of lymphocytic
infiltration (i.e. tumor infiltrating lymphocytes
(TILs) and expression of MCL-1 and/or NOXA. We
evaluated TILs in the breast cancer samples in our
cohort following the recommendations and
guidelines for histopathologic assessment of TILs
provided by the International TILs Working Group
(PMID: 25214542). Following the definition of
stromal TILs, the % reported represent the fraction
of intratumoral stromal area covered by
mononuclear immune cells. TIL evaluation was

mcL-1 R

i

conducted in one representative tissue section per
case by a board-certified Pathologist.

Our analyses revealed a significant positive
correlation between the extent of TIL infiltration and

Figure 12. Representative H&E micrographs of
ER+/HER2- breast cancers (A, D) showing and MCL-1 (B,
E) and NOXA (C, F) expression depicting the higher TIL
infiltration in an MCL1-high and NOXA-high case. *, tumor
infiltrating lymphocytes. Scale bar, 50 microns
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both NOXA (R=0.39, P=0.005) and MCL1 expression (R=0.28, P=0.048; Fig. 11A-11B). Subsequently, we
stratified the breast cancer samples as NOXA-high and NOXA-low, and as MCL1-high and MCL1-low using the

20 R=0.26,p=0038 20 R=0.16.p=023
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Figure 13. Tumor mutation burden (TMB) according to
NOXA/MCL-1 expression. (A-B) Correlation between TMB and
NOXA (A) and MCL-1 (B) expression by IHC. Spearman’s test.
(C-D) TMB in (C) NOXA-high vs NOXA-low and (D) MCL-1 high
vs MCL1-low cases according to cut-off determined though
maximally selected rank statistic method. Wilcoxon test.

H-score cutoffs (NOXA, H-score cutoff = 10;
MCL1, H-score cutoff = 70) which we derived
using the maximally selected rank statistics
and that were found to be associated with the
most significant differences in RFS. We
observed that ER-positive/HER2-negative
breast cancer samples displaying ‘high NOXA
expression’ (H-score >10) showed a higher
extent of TIL infiltration compared to those
tumors with ‘low NOXA expression’ (H-score
<10; mean TILs 33.9% vs 17.7%; P=0.01).
Similarly, the extent of TIL infiltration in MCL-1-
high ER-positive/HER2-negative breast
cancers was significantly higher than in MCL-
1-low tumors (mean TILs 27.1% vs 4.5%,
P=0.02; Fig. 11C-11D and Fig 12A-12F).
Crosstalk between NOXA-MCL-1 axis and the
immune system has been reported (PMID:
29053140, 20620942, 27762293). It is
possible that signaling through this axis in
tumor cells has an effect in the tumor
microenvironment (TME). Alternatively, the
TME might affect the activation of the NOXA-
MCL-1 axis in the tumor cells. Future work to
determine the composition of the TME

according to NOXA/MCL-1 expression, and studies on the role of this axis in regulating the immune response of

breast cancers are warranted. "

We next investigated whether the repertoire of

genetic alterations in ER-positive/HER2-negative I| |
breast cancers would vary according to the WIIIIIM' ||I|| II.'.I'III L |I.IIIII|II IL:

expression of NOXA/MCL-1 in breast cancer. We

conducted the evaluation of NOXA and MCL-1 537;?' : . — ot
expression by immunohistochemistry in a cohortof ~ ZP= = . R o
61 ER-positive/HER2-negative breast cancers that CoH1 [[[ ]} | | (] ]] 20%
had been previously subjected to targeted rao  m o e L 11 1 f— o
sequencing using the Memorial Sloan Kettering "o 1 1 m Tm o
Integrated Mutation Profiling of Actionable Cancer "’ - e " B
Targets (MSK-IMPACT) assay. IHC was #won | mm i i1 i e
conducted following the protocols previously s . T - 100
established in this work. Targeted sequencing data = B A S L N
were analyzed in the Reis-Filho laboratory usinga ™ = - : i m e
validated bioinformatic pipeline (PMID: 29506079, racsic B . ST i == o
33083532, 30166553). ANF1g . [ . 8%
R7T'BE)L<; | i <] " 1 (L] ::lo
Our analysis revealed a positive correlation AN A O OO

between NOXA expression and tumor mutational

A A N Y O O 1+

Mutation type  Copy number alteration NOXA expression MCL-1 expression
burden (TMB; R= 0.26, P= 0.038). In agreement M Truncating M Amplification M High (>10) M High (>70)
. . . . . M Hotspot M Hom. Deletion M Low (<10) M Low (<70)
with these findings, those cases displaying high B Missense

NOXA expression levels (H-score >10) had a

statistically significantly higher TMB than NOXA- | Eigyre 14. Repertoire of somatic genetic alteration in
- breast cancers according to NOXA and MCL-

low breast cancers (H-score <10; median 4.9 vs | ER+/HER2
2.6 mutations/Mb; P=0.032; Mann Whitney U-test; | 1 expressio

Figs. 13A, 13C). Although MCL-1-high samples | frequently affected by pathogenic genetic alterations in the
showed a numerically higher TMB than MCL1-low | cohort. NOXA and MCL-1 expression by IHC is shown in a
cases, this was not statistically significant (median | phenobar (bottom).

n. Oncoprint depicting the genes most
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TMB 3.5 vs 2.6 mut/Mb, p=0.06) and no significant correlation was observed between TMB and MCL-1

expression (R =0.16, p = 0.23; Figs. 13B, 13D).

The genes most frequently affected by pathogenic genetic alterations in NOXA-high cases were WHSC1L1,
GATA3 and CCND1 (5/13; 39% each) and those most frequently altered in NOXA-low cases were PIK3CA
(18/48; 38%), TP53 (16/48; 33.3%), and FGF19 and CDH1 (10/48; 21%, each; Fig. 14). We observed
notable differences between NOXA-high and NOXA-low cases. NOXA-high samples were enriched for

NOXA Low vs High MCL-1 Low vs High
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Figure 15. Genomic differences in ER+/HER2- breast
cancers according to NOXA and MCL-1 expression.
Enrichment of pathogenic genetic alterations in NOXA-high
vs NOXA-low ER+/HER2- breast cancers (left) and in
MCL1-high vs MCL1-low samples (right)

pathogenic genetic alterations affecting the
known chromatin remodeler WHSC1L1 (38.5%
vs 8.3%, P=0.02), BAP1 (15.4% vs 0%,
P=0.04), that besides its role in DNA repair also
plays key roles in chromatin remodeling, and in
PRKAR1A (154% vs 0%, P=0.04), that
encodes for the cAMP-dependent protein
kinase type Il-alpha regulatory subunit (Fig. 15).
TP53 (17/49; 35%), PIK3CA (16/49; 33%), and
FGF19, FGF3and FGF4 (11/49; 22%) were the
most frequently altered genes in MCL-1-high
cases, whereas PIK3CA and CDH1 were the
genes most frequently affected in MCL-1-low
cases (Fig. 14). No statistically significant
differences were identified according to MCL-1
expression (Fig. 15). These data indicate that
the NOXA/MCL-1 axis might crosstalk with
biological processes involved in the
modification of chromatin architecture. Further
studies validating this notion and exploring the
role of this axis in transcriptional control
through chromatin remodeling are warranted.

The higher frequency of CDH1 and PIK3CA
mutations in MCL-1-low cancers suggested
that this group hsa-miR-4728 -3p

. . 1.5

is enriched for

invasive lobular

carcinomas, which harbor CDH1 mutations in up to 80% of cases and are
also relatively enriched for PIK3CA mutations. To test this hypothesis, we
compared the distribution of invasive lobular carcinomas and invasive ductal
carcinomas of no special type, according to the expression of NOXA and
MCL-1. Consistent with the associations revealed by genomic analysis,
although not statistically significant, a numerically higher proportion of MCL-
1 low breast cancers (31% in MCL-1 low vs 11% of MCL-1 high) cancers
displayed an invasive lobular carcinoma histologic type.

Subtask 3: In the Faber and Scaltriti laboratory, we will determine if
microRNA 4728 is responsible for NOXA downregulation via estrogen
receptor downregulation. These experiments will include miRNA
quantification, miRNA silencing experiments, and miRNA overexpression
experiments.

We found markedly higher miRNA4728 levels in HER2-amplified breast
cancer cell lines, compared to triple negative breast cancer cell lines, in line
with our findings that miRNA4728 is amplified on the HER2 amplicon (Fig.
16).
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Figure 16. miRNA4728 is
overexpressed in HER2-
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To study the function of miRNA4728, we conducted a series of manipulation experiments (inhibition and
overexpression). In brief, we transduced virus with a miRNA4728 locker inhibitor or control, and an miRNA4728
expression vector or control) in HER2-

£ £ £ E positive/ER-positive BT474 and MDA-MB-361
8 8 s 8 & & breast cancer cell lines, the HER2-
(a) %ég s () § § (e) 5 2§ positive/ER-negative SKBR3 cells, and the
5% 5% > % 2% 3% 5% HER2-negative/ER-positive T47D cells. In all
== | uer2 [Sww — ] nerz [ [==_—==]uerz  cases, mMiRNA4728 inhibitor increased both
S| ere [meew ] Era [— [ =] me ER and NOXA when compared to control; in
== = = P all cases, overexpression of miRNA4728 led
—— (R —— B sACTI [ == ==]pacn [0 downregulation of ER and NOXA, when
MDA-MB-361 SKBR3 T47D BT-474 NoRx Fulvestrant Compared to control (Flg 17A'17B)
Treatment with the ER inhibitor fulvestrant led
(d) - —_ e =2 =2 PR to downregulation of ER and NOXA, as
E¥Y &% % 2% &% E3 23 previously demonstrated in this report,
£33 £33 23 23 23 23 however, the miRNA4728 inhibitor mitigated
[ o= awe [= S|« BEES] the downregulation of NOXA (Fig. 17C).
[Z]"'MER2 E F“EME Similarl iRNA4728 inhibit ted
(s - SRl —x I imilarly, mi . inhibitor  prevente
= = =] t [ NOXA downregulation following treatment
= = ]eex [F_ ™ |perx [m_ = | with the HER2 inhibitor, lapatinib (Fig. 17D).
[F—— ———] noxa E_=—] voxa [/— — | Impressively, as a result, these cells were
[=—=—=_—=——]pAcTin [F=_==]sacn[== ==] sensitized to lapatinib as evidenced by
MDAMB 361 MDAMB.361 BT474  BT-474 BT474 BT4T4 cleaved PARP (Figs. 17D-17E). Conversely,
e—— D~ i il overexpression of miRNA4728 sensitized to

lapatinib (Fig. 17E). These data demonstrate

Figure 17. Manipulation of miRNA4728 effects Noxa | nat miRNA4728 controls NOXA expression,
expression in breast cancer. (A) knockdown of miRNA4728 and When manlpu.lgtgd, |mpact§ .N.OXA
leads to upregulation of the expression of the ER and NOXA. expression and sensitivity to HERZ inhibitors.
(B) Exogenous expression of miRNA4728 leads to lower ER ) .
and NOXA expression. (C) Knockdown of miRNA4728 leads Major Task 3: Asses_s t!'e_ ?ff'ca_‘cy °_f dual
to upregulation of the expression of the ER and NOXA but not HER2 and MCL-1 inhibition in diverse
in the presence of the ER inhibitor fulvestrant. (D and E) HER2 amplified breast PDX models and
knockdown of miRNA4728 leads to upregulation of the dual ER and MCL-1 inhibition in diverse

expression of the ER and NOXA and subsequent sensitization ER+ breast PDX models.

to the HER2 inhibition lapatinib in HER2 amplified breast

cancer cells, while further overexpression mitigates sensitivity Subtask 1: In the Faber and Scalltriti
(Sensitivity/cell death is determined by ClI PARP levels). laboratory, we will characterize the in vivo

activity of HER2i/MCL-1i in HER2 amplified
breast PDX models.

We tested neratinib in combination with dinaciclib in two HER2-amplified PDX models (WHIM 8 and WHIM 22).
While neratinib was effective at blocking the growth of the HER2-amplified tumors, the combination of dinaciclib
and neratinib was superior to single-agent therapy in the WHIM 22 model (Floros et al., appended, Fig. 5A). In
addition, there was no weight loss of the mice treated with the single agents or the combination (Floros et al.,
appended, Fig. 5B), again suggesting tolerability. In the WHIM 8 model, we observed high activity of neratinib
monotherapy; however, the combination of neratinib and dinaciclib resulted in uniformly robust tumor shrinkage
(>50%), with mice again not showing any significant weight loss (Floros et al., appended, Fig. 5C-5D). Cleaved
PARP was elevated when the two drugs were administered together, indicating induction of apoptosis, while
reduction of p-HER2 and MCL-1 advocates for the on-target effect of neratinib and dinaciclib, respectively
(Floros et al., appended, Fig. 5E). These data demonstrate potent combination efficacy of neratinib and
dinaciclib in HER2-positive breast cancer PDX models.

Subtask 2: In the Faber and Koblinski laboratory, we will characterize the in vivo activity of HER2
antibodies/MCL-1i humanized mouse model studies.

As mentioned above, several ADCs have essentially replaced antibodies as standard-of-care. Thus, we found
these experiments were not relevant
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Subtask 3: In the Faber and Scaltriti laboratory, we will characterize the in vivo activity of ER inhibitors/MCL-1i
in ER+ breast cancers.

We next investigated the efficacy of our

combination therapeutic strategy in two HCI011 o
patient-derived xenograft (PDX) models of 800 —
metastatic ER-positive breast cancer, I v
termed HCI-011 and HCI-013. Tumor- sooq - T Combetr
bearing mice with estrogen pellets were w00 T
randomized and divided into four group:

treatments with  vehicle, fulvestrant, 200 n

S63845, or the combination. Fulvestrant Hﬁ

was administered subcutaneously at a o 50 L

concentration of 5 mg/body/wk, and

S63845 was administered intravenously HCI-011 HCl-013
biweekly at a concentration of 25mg/kg 5. e D skl 2 = Fulvestrant
While fulvestrant was effective at blocking 2 Tomes 2 b i
the growth of ER-positive breast tumors, as .

would be expected, the combination of %@;‘d
fulvestrant and S63845 was superior to 2
single agent therapy in both the ER-positive ; - po o s - o o
PDX _mo,dels (Fig. 18). Addltlona_"y’ the Days of treatment Days of treatment
combination was well tolerated (Fig. 18).
Single agent MCL-1 inhibitor was not | gigyre 18. ER+ breast cancer PDX models are sensitive to ER
effective in both PDX models but when | jnhibitor + MCL-1 inhibitor. Waterfall plots of two ER+ PDX
treated in combination with fulvestrant, | models. Each line represents a unique tumor and their response
HC1-011 PDX showed significant tumor | during 30d of treatment (Top). The weights of the mice during
shrinkage (>50%). These data therefore | treatment (Bottom).

demonstrate potent combination efficacy of
fulvestrant and S63845 in ER-positive breast cancer PDX models.

6001, 3 Control

(3 Fulvestrant
563845

3 Combination

400

200

Change in tumor volume (%)

Change in tumor volume (%)

Body weight (g)
Body weight (g)

4. Impact

Taken together, the data we have generated in this work demonstrate that the addition of MCL-1 inhibitors
(S63845 or dinaciclib), a subset of which are in clinical testing, sensitizes ER-positive breast cancer to ER
inhibitors. In addition, we have characterized the miRNA4728-NOXA-MCL-1 axis that controls NOXA expression
and MCL-1 addiction in HER2 amplified breast cancer models and ER-positive breast cancer models.
Importantly, both HER2 inhibition and ER inhibition leads to NOXA downregulation and MCL-1 dependence.
These data are particularly interesting in light of the VERONICA trial, in which a BCL-2 inhibitor accelerated ER-
positive breast cancer. This is consistent with our data showing that these cancers are dependent on MCL-
1, and not BCL-2. All in all, this sets the stage for clinical evaluation of HER2 inhibitors together with MCL-1
inhibitors, and ER inhibitors together with MCL-1 inhibitors in breast cancer.

Moreover, our findings that NOXA-high and MCL1-low ER-positive/HER2-negative breast cancers have a shorter
recurrence-free survival supports the testing of pharmacologic interventions targeting the NOXA/MCL-1 axis in
these tumors. Furthermore, the novel observations related to the differences in the repertoire of genetic
alterations as well as histologic types in ER-positive/HER2-negative breast cancers according to NOXA/MCL-1
expression, in particular our finding of an enrichment of pathogenic alterations in chromatin remodelers in NOXA-
high samples open new avenues for the investigation on the interactions between the NOXA/MCL-1 axis and
chromatin modification.

5. Changes/Problems
Given the success of novel anti-HER2 ADCs in HER2 amplified breast cancer, during the last year of this grant
we focused on the study of NOXA/MCL-1 in ER-positive/HER2-negative breast cancers.

6. Products

-Targeting transcription of MCL-1 sensitizes HER2-amplified breast cancers to HER2 inhibitors. Floros
KV, Jacob S, Kurupi R, Fairchild CK, Hu B, Puchalapalli M, Koblinski J, Dozmorov MG, Boikos SA, Scaltriti M,
Faber AC. Cell Death Dis. 2021 Feb
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15; 12(2):179. PMID: 33589591.

- Adaptive resistance to ER inhibition is overcome by targeting MCL-1 Konstantinos V. Floros, Sheeba
Jacob, Bin Hu, Madhavi Puchalapalli, Mohammad A. Alzubi, Sosipatros A. Boikos, Edi Brogi, Sarat
Chandarlapaty, Jennifer E. Koblinski, J. Chuck Harrell, Maurizio Scaltriti, and Anthony C. Faber. Manuscript

submitted

- ER-positive/HER2-negative breast cancer and the NOXA/MCL1 axis: A genomic characterization.
Antonio Marra, Higinio Dopeso, Fresia Pareja, Achim Jungbluth, Edi Brogi, Maurizio Scaltriti, Anthony Faber,

Jorge S. Reis-Filho. Manuscript in preparation
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Targeting transcription of MCL-1 sensitizes HER2-
amplified breast cancers to HER2 inhibitors

Konstantinos V. Floros', Sheeba Jacob', Richard Kurupi', Carter K. Fairchild’, Bin Hu?, Madhavi Puchalapalli?,
Jennifer E. Koblinski®, Mikhail G. Dozmorov?, Sosipatros A. Boikos®, Maurizio Scaltriti@>” and Anthony C. Faber®'

Abstract

Human epidermal growth factor receptor 2 gene (HER?2) is focally amplified in approximately 20% of breast cancers.
HER2 inhibitors alone are not effective, and sensitizing agents will be necessary to move away from a reliance on
heavily toxic chemotherapeutics. We recently demonstrated that the efficacy of HER2 inhibitors is mitigated by
uniformly low levels of the myeloid cell leukemia 1 (MCL-1) endogenous inhibitor, NOXA. Emerging clinical data have
demonstrated that clinically advanced cyclin-dependent kinase (CDK) inhibitors are effective MCL-1 inhibitors in
patients, and, importantly, well tolerated. We, therefore, tested whether the CDK inhibitor, dinaciclib, could block MCL-
1 in preclinical HER2-amplified breast cancer models and therefore sensitize these cancers to dual HER2/EGFR
inhibitors neratinib and lapatinib, as well as to the novel selective HER2 inhibitor tucatinib. Indeed, we found dinaciclib
suppresses MCL-T RNA and is highly effective at sensitizing HER2 inhibitors both in vitro and in vivo. This combination
was tolerable in vivo. Mechanistically, liberating the effector BCL-2 protein, BAK, from MCL-1 results in robust apoptosis.
Thus, clinically advanced CDK inhibitors may effectively combine with HER2 inhibitors and present a chemotherapy-

free therapeutic strategy in HER2-amplified breast cancer, which can be tested immediately in the clinic.

Introduction

HER2 inhibitors extend survival in HER2-amplified
breast cancers; however, they are not sufficiently active as
monotherapy"?, unlike other receptor tyrosine kinase
(RTK) inhibitors in solid tumor cancer paradigms. Due to
this, there remains a reliance on chemotherapy; in con-
trast, in paradigms like epidermal growth factor receptor
(EGFR)-mutant lung cancer and anaplastic lymphoma
kinase (ALK)-translocated lung cancer, effective targeted
therapy has mitigated the need of chemotherapy”.
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We have demonstrated recently that HER2-amplified
breast cancers have significantly lower NOXA levels,
leading to MCL-1-mediated resistance to HER2 inhibitors
through suppression of apoptosis®. Similarly, Merino
et al.” demonstrated that co-administration of MCL-1
inhibitors with HER?2 inhibitors sensitizes HER2-amplified
breast cancer models. While MCL-1 BH3 mimetics are
advancing into clinical trials either alone or with veneto-
clax in hematological cancers, it remains uncertain whe-
ther these drugs will be able to sufficiently block the
interaction of MCL-1 and proapoptotic BH3-only pro-
teins such as NOXA and BIM. Moreover, the tolerability
of these drugs in combination is unkown.

Inhibitors that block CDK9 can interfere with gene
transcription. Thus, transcription of mRNAs with short
half-lives that need to be synthesized at a high rate may be
particularly affected by these agents®. Unique among the
antiapoptotic proteins, MCL-1 has a very short half-life””*,
Dinaciclib has been used as an MCL-1 inhibitor in several
cancer paradigms. It has already been reported that
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dinaciclib causes mitochondria-dependent apoptosis in
osteosarcoma with MCL-1 being the primary target’, and
in hepatocellular carcinoma dinaciclib decreases MCL-1
mRNA levels without significantly changing the expres-
sion of other BCL-2 proteins'®. Interestingly, CDK9
inhibition with dinaciclib is highly effective in MYC-
driven lymphomas and involves downregulation of
MCL-1'". And while there are also studies that support
the elimination of MCL-1 at the protein level as the
potential mechanism of action of dinaciclib’?, most
advocate for transcriptional downregulation of MCL-1 as
the critical mechanism”'®, In addition, we have recently
demonstrated that the CDK inhibitor dinaciclib effectively
blocks MCL-1 to sensitize EGFR inhibitors in EGFR-
mutant non-small cell lung cancer (NSCLC)'*. Dinaciclib
exposure time peaks are roughly 2 h in humans, which is
sufficient to block MCL-1, but not sufficient to block
CDK1 or CDK2'. This suggests that the anticancer
activity seen with dinaciclib is a result of its inhibitory
effect on CDK9, and not CDK1/2. In a phase I trial in
breast cancer patients, neutropenia and leukopenia were
common, but dinaciclib in general was well tolerated"®. In
this study, we aimed to explore whether dinaciclib was
sufficient to sensitize preclinical models of HER2-ampli-
fied breast cancer through downregulation of MCL-1.

Results
Dinaciclib sensitizes HER2-amplified breast cancers to
HER2 inhibitors and is superior to the MCL-1 BH3 mimetic
A-1210477

We and others recently demonstrated that pharmaco-
logical inhibitors of MCL-1 sensitized HER2 inhibitors in
HER2-amplified breast cancers™”. Based both on dinaci-
clib’s ability to inhibit MCL-1 in vitro and in vivo and its
intrinsic therapeutic window, we investigated whether
dinaciclib could be added to HER2 inhibitors and sensitize
them through downregulation of MCL-1. In both HER2-
amplified BT-474 and MDA-MB-453 cells, dinaciclib
effectively reduced MCL-1 expression (Fig. 1A). In both
cell lines, dinaciclib was more potent as a combining
partner with the HER2 inhibitor lapatinib than was the
MCL-1 BH3 mimetic A-1210477, as evidenced by cleaved
PARP levels, a marker for apoptosis (Fig. 1A). In addition,
while phosphorylation of HER2 was completely abolished,
consistent with the on-target effect of lapatinib, HER2
levels were not significantly altered with any of the drug
treatments (Fig. 1A). As expected, both the HER2/PI3K/
TORC1 and HER2/RAS/TORCI signaling pathways were
disrupted by HER2 kinase inhibition, as evidenced by loss
of pHER?2, p-AKT (PI3K readout), p-ERK (RAS pathway
readout), and p-S6 loss (mMTORCI1 pathway readout)'”
(Fig. 1A). Dinaciclib strongly activated PI3K and MEK
signaling, as evidenced by increased p-AKT (308) and p-
ERK, respectively. However, lapatinib eventually
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abrogated both feedback activations (Fig. 1A). Of note,
downregulation of MCL-1 by dinaciclib destabilizes also
BIM EL (Fig. 1A), which was also noticed in our previous
studies®.

In order to corroborate previous reports that dinaciclib-
induced MCL-1 decreases are due to loss of MCL-1
transcription'®, we evaluated MCL-1 mRNA expression
after treating different HER2-amplified breast cancer cell
lines with dinaciclib (Fig. 1B). As expected, MCL-1 mRNA
expression was suppressed 2 h after dinaciclib addition.
Consistently, after treating BT-474 cells for 24 h and the
less sensitive MDA-MB-453 cells for 72 h, cell viability
decreased more with the combination of lapatinib and
dinaciclib than with lapatinib and A-1210477 (Fig. 1C).
We further determined the sensitivity of the HER2-
amplified breast cancer cell lines to the different combi-
nations of these agents to gain information regarding the
contribution of each single agent to the observed toxicity
(Supplementary Fig. 1). In line with our previous data,
dinaciclib displays a more synergistic potential with
lapatinib than A-1210477 does. Altogether, these data
indicate that dinaciclib downregulates MCL-1 and sensi-
tizes to HER2 inhibitor in HER2-amplified breast cancers.
Given that PARP cleavage has been reported to be
implicated in other non-apoptotic processes'®*® and
MCL-1 also exhibits apoptosis-independent functions in
the cell’®*!, we assessed Annexin V positivity by flow
cytometry to confirm toxicity from loss of MCL-1 was due
to an increase in apoptosis (Fig. 1D and Supplementary
Fig. 2). To gain mechanistic insight, we immunoprecipi-
tated MCL-1 in the BT-474 and MDA-MB-453 cells and
observed that dinaciclib toxicity is mediated at least in
part by BAK, which is liberated from MCL-1 following
treatment and is free to execute its apoptotic program
(Fig. 1E). Potential alterations in BIM EL:MCL-1 com-
plexes were also investigated since BIM EL is a direct
activator of Bcl-2-associated X protein (BAX)/Bcl-2
homologous antagonist/killer (BAK) molecules and its
liberation could lead to further cell death responses.
However, consistent with our previous data*?, BIM EL
levels were significantly downregulated in the whole-cell
lysates following the addition of dinaciclib (Fig. 1E)
making likely its role in combination toxicity, if any,
limited.

Dinaciclib sensitization to HER2-amplified breast cancers is
abrogated by BAK knockdown and largely mediated by
MCL-1

As BAK-MCL-1 was sharply disrupted by dinaciclib, we
sought to investigate this complex further and the role, if
any, of BAK in dinaciclib and HER?2 inhibitor/dinaciclib
toxicity. Mechanistically, MCL-1 binds to BAK to prevent
its activation®®, Thus, if MCL-1 is critical to combination
activity, BAK knockdown should mitigate the activity of
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Fig. 1 Dinaciclib sensitizes HER2-amplified breast cancer cells to lapatinib and liberates BAK from MCL-1. A BT-474 and MDA-MB-453 cells were
treated with no drug, 1 uM lapatinib, 100 nM dinaciclib, their combination and the combination of 1 uM lapatinib with 10 uM A1210477 for 6 and 12 h,
respectively. Whole-cell lysates were prepared, subjected to western blotting and probed for the indicated proteins. B Cells from SKBR3, BT-474, MDA-MB-
453, and HCC-1419 HER2-amplified breast cancer cell lines were treated with no drug or 100 nM dinaciclib for 2 h, and levels of the abundance of MCL-1
mRNA were analyzed by gPCR. Data are normalized to ACTB; n = 3; error bars indicate +SEM. C BT-474 and MDA-MB-453 cells were treated with
increasing concentrations of lapatinib and 10 uM A1210477 or with increasing concentrations of lapatinib and 100 nM dinaciclib for 24 and 72 h
respectively, and the percentage of viable cells was determined. n = 3; error bars indicate +SD. D BT-474 and MDA-MB-453 cells were treated with no
drug or the combination of 1 pM lapatinib and 100 nM dinaciclib for 24 and 72 h, respectively and the percentage of annexin V/Pl-positive cells was
determined by FACS. n =3, error bars indicate £5D (“No Rx": No drug). E MCL-1 complexes were immunoprecipitated from the indicated HER2-amplified
breast cancer cell lines following 6 h (BT-474) and 12 h treatment (MDA-MB-453) with no drug, 1 uM lapatinib, 100 nM dinaciclib, and their combination.
An lgG-matched isotype antibody was served as an immunoprecipitation control. The interaction between MCL-1 and BIM EL/BAK proteins was
investigated (“No Rx": No drug). For Fig. 1B-D two-tailed Student’s t test was performed. p values were corrected for multiple testing using the Bonferroni
L method. Differences were considered statistically different if p < 0.05. A p value < 0.05 is indicated by *, p <0.01 by **, p <0.001 by **, p <0.0001 by ****, )
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the combination of dinaciclib and HER2 inhibition. upon its activation and only recognizes this active BAK

Indeed, we found reduction of BAK by shRNA led to loss
of apoptotic activity of the combination in two HER2-
amplified HCC-1419 and MDA-MB-453 breast cancer cell
lines where we were able to achieve sufficient knockdown
(Fig. 2A). We next immunoprecipitated BAK with an
antibody that exploits a conformation change in BAK
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species®®. Consistent with an important role of MCL-1:
BAK in combination toxicity, BAK was activated following
either dinaciclib or A1210477 exposure, which was exa-
cerbated upon the addition of lapatinib in both cases
(Fig. 2B). Consistent with the enhanced apoptotic activity
of the dinaciclib/lapatinib combination (Fig. 1A, B), BAK
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(see figure on previous page)

Fig. 2 BAK is required for dinaciclib-induced cell death in HER2-amplified breast cancer cells and dinaciclib functions mainly by inhibiting
MCL-1. A HCC-1419 and MDA-MB-453 cells were transduced with lentiviruses containing plasmids with an shRNA sequence targeting BAK or a non-
targeting control. Puromycin-resistant cells were pooled after each infection. Cells were then treated with no drug, 1 uM lapatinib, 100 nM dinaciclib
or their combination overnight. Cell lysates were prepared and subjected to western blotting and probed for cleaved PARP, BAK, and GAPDH (“No
Rx": No drug). B HCC-1419 and MDA-MB-453 cells were treated with no drug, 1 uM lapatinib, 100 nM dinaciclib, 10 uM A1210477 and their
combinations (lapatinib/dinaciclib and lapatinib/A1210477) overnight and CHAPS lysates (using the zwitterionic detergent CHAPS, that can solubilize
cells without promoting significant conformational changes in BAX and BAK; including the N-terminal Bak epitope exposure recognized by antibody
Ab-1) were prepared and subjected to AB-1 IP and western blotting. Total cell lysates were analyzed in parallel. C SKBR3 control or MCL-1-expressing
cells were treated with 1 uM lapatinib, 100 nM dinaciclib, and their combination for 12 h. Whole-cell lysates were prepared, subjected to western
blotting and probed for the indicated proteins. D SKBR3 control or MCL-1-expressing cells were treated with 1 uM lapatinib, 100 nM dinaciclib, and
their combination for 12 h and subjected to CellTiter-Glo. n = 3; error bars indicate +SD. E MDA-MB-453 control or MCL-1-expressing cells were
treated with 1 uM lapatinib, 100 nM dinaciclib, and their combination for 12 h. Whole-cell lysates were prepared, subjected to western blotting and
probed for the indicated proteins. F MDA-MB-453 control or MCL-1-expressing cells were treated with 1 uM lapatinib, 100 nM dinaciclib and their
combination for 72 h and subjected to CellTiter-Glo. n = 3; error bars indicate +SD. For Fig. 2D, F two-tailed Student’s t test was performed. p values
were corrected for multiple testing using the Bonferroni method. Differences were considered statistically different if p < 0.05. A p value < 0.05 is

dimethylammonio)-1-propanesulfonic acid.

indicated by *, p<0.01 by **, p <0.001 by ***, and p <0.0001 by **** EV: empty vector, (+): positive control, CHAPS: 3- ((3-cholamidopropyl)

was more active following dinaciclib/lapatinib than
A1210477/lapatinib therapy (Fig. 2B).

While these data demonstrated a role of the MCL-
1-BAK complex in dinaciclib/HER2 inhibitor combina-
tion efficacy, we sought to investigate how important the
MCL-1-BAK complex was to combination efficacy. For
these experiments, in addition to the MDA-MB-453 cells,
we used the SKBR3 HER2-amplified breast cancer cell
line, which is very sensitive to MCL-1 inhibition™?>. We
found that the expression of exogenous MCL-1 was suf-
ficient to mitigate the efficacy of both single-agent dina-
ciclib and the combination of dinaciclib and lapatinib to
induce cell death (Fig. 2C), which translated into
increased viability (Fig. 2D). In the MDA-MB-453 cells,
rescue of MCL-1 expression was sufficient to block cell
death (Fig. 2E) and increase total cell viability (Fig. 2F). To
investigate if the other main pro-survival BCL2 proteins
are implicated in dinaciclib-mediated apoptosis, we tran-
siently overexpressed BCL2 and BCL-xL in the same two
cell lines and treated with lapatinib, dinaciclib, and their
combination (Suplementary Fig. 3 and Suplementary Fig.
4). Increased levels of BCL2 as well as BCL-xL did not
result in significant suppression of the toxicity caused by
the single agents or their combination, as determined by
cleaved PARP expression (Suplementary Fig. 3A, C) or
cell viability measurement (Suplementary Fig. 3B, D),
demonstrating an MCL-1-specific effect caused by dina-
ciclib. However, while we did not see a sensitizing effect of
the BCL-2 inhibitor venetoclax to lapatinib in the HER2-
amplified breast cancer cell lines BT-474 or MDA-MB-
453, we did see added toxicity with the tool BCL-xL
inhibitor A-1331852, which was similar to that afforded
by A-1210477 (Suplementary Fig. 4A, C). Similarly, A-
1331852 sensitized the BT-474 and MDA-MB-453 cells to
dinaciclib while venetoclax either did not (BT-474) or had
a minimal effect (MDA-MB-453); strikingly, however,
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A-1210477 had no sensitizing effect on dinaciclib, con-
sistent with MCL-1 as the key dinaciclib target in HER2-
amplified breast cancer (Suplementary Fig. 4B, D).

Dinaciclib sensitizes HER2-amplified breast cancer cells to
the novel, selective HER2 inhibitor tucatinib

As there are now at least seven FDA-approved HER2
inhibitors®, we wanted to corroborate our findings with
some of the newer HER2 inhibitors. Tucatinib is a novel,
FDA-approved agent that has demonstrated more than
1000-fold selectivity for HER2 over EGFR in in vitro
assays”’ and significant efficacy in clinical trials for the
treatment of metastatic HER2-positive breast cancer
(NCT02614794)**7%2, As expected from a HER2 inhibitor,
tucatinib inhibited p-HER2, p-AKT and p-ERK in the
HER2-amplified breast cancer cells BT-474 and MDA-
MB-453"7 (Fig. 3A). Addition of dinaciclib sensitizes the
cancer cells to tucatinib as evidenced by increased cleaved
PARP (Fig. 3A) and decreased cell viability in both cell
lines (Fig. 3B, C), with their sensitivity reaching a plateau
at about 1000 nM of tucatinib. To verify that complexes of
MCL-1 with pro-apoptotic BCL2 proteins were disrupted
by dinaciclib, we immunoprecipitated MCL-1 complexes
in lysates derived from the MDA-MB-453 cells, following
treatment with tucatinib, dinaciclib and their combination
(Fig. 3D). Immunoprecipitation complex investigation
confirmed that MCL-1:BAK complexes were disrupted
following treatment with 100 nM dinaciclib (Fig. 3D).

Dinaciclib is effective in vivo at sensitizing HER2-amplified
breast cancers to HER2 inhibitors

We next determined whether the combination of
dinaciclib and lapatinib would be effective in vivo. As
mentioned, exposure time, at least in humans, is suffi-
ciently different and prevents the ability of dinaciclib to
potently inhibit some CDK targets'®. We found that
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(B)

Fig. 3 Dinaciclib sensitizes HER2-amplified breast cancer cells to tucatinib and liberates BAK from MCL-1. A BT-474 and MDA-MB-453 cells
were treated with no drug, 1 uM tucatinib, 100 nM dinaciclib, and their combination for 6 and 12 h, respectively. Whole-cell lysates were prepared,
subjected to western blotting and probed for the indicated proteins. B BT-474 cells were treated with increasing concentrations of tucatinib and
100 nM dinaciclib for 24 h and the percentage of viable cells was determined. n = 3; error bars indicate £SD. C MDA-MB-453 cells were treated with
increasing concentrations of tucatinib and 100 nM dinaciclib for 48 h and the percentage of viable cells was determined. n = 3; error bars indicate
+SD. D MCL-1 complexes were immunoprecipitated from MDA-MB-453 cells following 12 h treatment with no drug, T uM tucatinib, 100 nM

dinaciclib, and their combination. An IgG-matched isotype antibody was served as an immunoprecipitation control. The interaction between MCL-1
and BIM EL/BAK proteins was investigated. For Fig. 3B, C two-tailed Student's t test was performed; p values were corrected for multiple testing using
the Bonferroni method. Differences were considered statistically different if p < 0.05. A p value < 0.05 is indicated by *, p < 0.01 by **, p < 0.001 by ***,
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Fig. 4 Combination treatment with lapatinib and dinaciclib leads
to anti-tumor activity in vivo. A Approximately, 15 x 10° (15 million)
BT-474 cells were injected orthotopically into each NSG mouse (both
sides) and monitored for subsequent growth. When tumors were
~200 mm?, mice were randomized into treatment cohorts: control (no
drug), 100 mg/kg lapatinib, 40 mg/kg dinaciclib, and their combination
for 30 days. Dinaciclib was administered twice a week via IP injection.
Lapatinib was given orally once a day for 5 consecutive days. Tumor
measurements were performed daily, and the percentage (%) of
changes in volume for each tumor is shown by a waterfall plot (control
=4 tumors, lapatinib = 5 tumors, dinaciclib = 4 tumors, combination =
4 tumors). For statistical analysis one-way Anova test was performed for
comparisons between lapatinib, dinaciclib, and combination cohorts.
Dunnett's test was used as post hoc. Differences were considered
statistically different if p < 0.05. A p value < 0.05 is indicated by *, p < 0.01
by **, p <0001 by *** and p <00001 by **** B Weights of the single
agents and the combination cohorts of the human xenograft-bearing
mice. The number of mice was: control =5 mice, lapatinib =5 mice,
dinaciclib = 4 mice, and combination = 4 mice. p values were calculated
using the two-tailed Student’s t test. C Tumors were harvested from BT-
474 tumor-bearing mice approximately 2 h after the last drug
administration and tumor lysates were subjected to western blot

analyses and probed for the indicated proteins.

\ J

dinaciclib exhibited modest efficacy when administered
alone but was sufficient to significantly sensitize BT-474
xenografts to lapatinib when dosed twice a week based on
the clinical schedule (Fig. 4A and Suplementary Fig. 5A).
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Mice remained healthy, based on their weight profiles,
treated with the single agents or the combination
(Fig. 4B). CDK9 phosphorylates the carboxy-terminal
domain (CTD) of the RNA Polymerase II regulating
elongation during transcription®’. Thus, CDK9 inhibitors
regulate the expression of proteins with a short half-life,
like MCL-1, and the reduction of the phosphorylation of
the RNA polymerase II CTD at Ser2 may be used as a
biomarker of the activity of CDK9 inhibitors®*, On-target
inhibition of CDK9 was demonstrated by the suppression
phosphorylation sites on the CTD of RNA polymerase II
as well as MCL-1 following therapy with dinaciclib alone
or in combination with lapatinib (Fig. 4C).

Dinaciclib sensitizes neratinib in HER2-amplified patient-
derived xenograft (PDX) models

Neratinib is a potent irreversible pan-HER inhibitor,
recently FDA-approved for HER2-amplified breast can-
cer’. We tested neratinib in combination with dinaciclib
in two HER2-amplified PDX models (WHIM 8 and
WHIM 22)*°. While neratinib was effective at blocking
the growth of the HER2-amplified tumors, the combina-
tion of dinaciclib and neratinib was superior to single-
agent therapy in the WHIM 22 model (Fig. 5A and
Suplementary Fig, 5B). In addition, there was no weight
loss of the mice treated with the single agents or the
combination, again suggesting tolerability (Fig. 5B). In the
WHIM 8 model, we observed high activity of neratinib
monotherapy; however, the combination of neratinib and
dinaciclib resulted in uniformly robust tumor shrinkage
(>50%) (Fig. 5C and Suplementary Fig. 5C), with mice
again not showing any significant weight loss (Fig. 5D).
Cleaved PARP was elevated when the two drugs were
administered together, indicating induction of apoptosis,
while reduction of p-HER2 and MCL-1 advocates for the
on-target effect of neratinib and dinaciclib, respectively
(Fig. 5E). These data demonstrate potent combination
efficacy of neratinib and dinaciclib in HER2-positive
breast cancer PDX models.

Discussion

HER?2 inhibitors administered in the neo-adjuvant
setting increase progression-free survival (the time from
treatment initiation until disease progression or wor-
sening) and overall survival (the duration of patient
survival from the time of treatment initiation) in HER2-
amplified breast cancers*®*’. However, unlike similar
RTK inhibitors in other solid tumor paradigms®*~*°
which have now replaced chemotherapy as standard of
care, HER2 inhibitors are ineffective as monotherapy.
Finding rational targeted therapy combinations with
HER?2 inhibitors therefore is likely the next step in order
to find a therapeutic regimen that does not include
chemotherapy.
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Fig. 5 Combination treatment with neratinib and dinaciclib leads to anti-tumor activity in vivo. A Approximately, 1.5 x 10° (1.5 million) cells
derived from a HER2-positive breast cancer PDX model (WHIM 22) were injected orthotopically into each NSG mouse (both sides) and monitored for
subsequent growth. After tumors reached a size of ~150 mm?, mice were treated with 40 mg/kg neratinib 5 days a week (Monday-Friday), 40 mg/kg
dinaciclib twice a week, or their combination for 16 days. Tumor measurements were performed every day by calipers, and the percentage (%) of
changes in volume for each tumor is shown by a waterfall plot (control =4 tumors, neratinib =4 tumors, dinaciclib =4 tumors, combination =4
tumors). For statistical analysis one-way Anova test was performed for comparisons between neratinib, dinaciclib, and combination cohorts.
Dunnett’s test was used as post hoc. Differences were considered statistically different if p < 0.05. A p value < 0.05 is indicated by * p < 0.01 by **, p <
0.001 by *** and p < 0.0001 by **** B Weights of the WHIM 22 PDX model-bearing mice of the single agents and the combination cohorts. The
number of mice was: control = 2 mice, neratinib = 2 mice, dinaciclib = 2 mice, and combination = 3 mice. p Values were calculated using the two-
tailed Student's t test. C Same as A using the WHIM 8, HER2-positive breast cancer PDX model (18 days of treatment, control = 5 tumors, neratinib =
5 tumors, dinaciclib =4 tumors, combination = 3 tumors). D Same as B using the WHIM 8 PDX model. The number of mice was: control = 5 mice,
neratinib = 5 mice, dinaciclib = 2 mice, and combination = 3 mice. E Tumors were harvested from WHIM 8 PDX tumor-bearing mice approximately
2 h after the last drug administration and tumor lysates were subjected to western blot analyses and probed for the indicated proteins.
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Indeed, chemotherapy has already begun to be de-
emphasized in breast cancer, in particular hormone
positive breast cancer*'. The reason for de-escalation is
the broad and lasting effects of chemotherapy-induced
toxicity, which has been well described in breast cancer.
Toxicities are numerous and cover a wide range of tissues.
Cardiac toxicity, including congestive heart failure, is
contributed by anthracyclines like doxorubicin**. Repro-
ductive toxicity is very common for breast cancer
undergoing adjuvant chemotherapy: for instance, in 280
young (aged 24-45) breast cancer patients, over 90%
suffered from chemotherapy-related amenorrhea®. While
there remains controversy, a large Swedish study
demonstrated women treated with chemotherapy for
their breast cancer had higher risk pregnancies™.
Chemotherapy-induced bone loss is also a significant
toxicity with considerable morbidity*>*°. In addition to
overt tissue toxicity, chemotherapy delivered during
breast cancer treatment increases the risk of secondary
cancers, in particular acute myeloid leukemia®”48,

Recently, we reported that levels of the endogenous
MCL-1 inhibitor, NOXA, are uniformly depressed in
HER2-amplified breast cancers, as a result of a co-
amplified intronic microRNA that targets the estrogen
receptor (ER), which in turn leads to loss of ER-driven
NOXA transcription®. This can be overcome by the
addition of MCL-1 BH3 mimetics, which Merino et al.®
also demonstrated. However, the toxicity of these drugs in
clinical trials remains to be defined. Interestingly, we also
found co-targeting BCL-xL with HER2 is effective
(Suplementary Fig. 4A, C), verifying results that have
previously been reported®”. In Fig. 2 and Suplementary
Fig. 3B, D, we provide evidence that dinaciclib and con-
sequently its combination with lapatinib target mainly
MCL-1. However, in SKBR3 cells overexpression of BCL-
xL partially rescues sensitivity to dinaciclib and its com-
bination with lapatinib (Suplementary Fig. 3B), albeit to a
smaller extent than overexpression of MCL-1 does
(Fig. 2D). This could be explained by the subsequent
binding of the freed BAK to BCL-xL that is supplied
exogenously, for which BAK has also affinity*>. While
small molecule BCL-xL inhibitors have so far proven too
toxic*>®°, other strategies to target BCL-xL, for instance,
PROTACS, are being developed”'. Indeed, Brugge and
colleagues demonstrated potent preclinical in vivo activity
of the dual BCL-xL/BCL-2 inhibitor navitoclax with the
HER2-targeting antibody—drug conjugate trastuzumab
emtansine””.

In contrast to the fairly unknown toxicity of MCL-1
inhibitors, dinaciclib is a CDK1, 2, 5, and 9 inhibitor that
has demonstrated limited toxicities as a monotherapy,
many of which were transient®”®, CDK9 is part of the
CAK complex, which is responsible for phosphorylating
the C-terminus of RNA polymerase II, regulating
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elongation during transcription®. Although there are
other cyclin-dependent kinases that are capable of phos-
phorylating the CTD of the RNA Polymerase II, like
CDK7 and CDKS, the only one that activates gene
expression in a catalytic manner is CDK9°*. CDK9 inhi-
bitors regulate the expression of proteins with a short
half-life. In this context dinaciclib has been reported to
suppress the expression levels of the homologous
recombination (HR) repair factors Rad51 and BRCAL1 as
well as c-Myc”>*°. Notwithstanding the fact that MCL-1
is not the only protein that is downregulated after treat-
ment with dinaciclib, the lack of its pro-apoptotic partner,
NOXA, in HER2-amplified breast cancers* makes it likely
the most important dinaciclib target in HER2-amplified
breast cancers. Of note, there are other CDK inhibitors
that have been explored for the treatment of HER2-
amplified breast cancers, but no correlation with the
expression of MCL-1 has been established®”.

Combining HER? inhibitors with a targeted therapy that
can sensitize to apoptosis is an important therapeutic
strategy since a robust apoptosis response is essential for
mono-therapeutic targeted therapy in other RTK-driven
cancers®® %, In fact, in paradigms such as EGFR-mutant
NSCLC, EGEFR inhibition has limited success in patients
whose cancers cannot undergo robust apoptosis®®® =,
We believe the ability of dinaciclib to rationally combine
with HER?2 inhibitors to induce apoptosis could therefore
overcome the lack of efficacy HER2 inhibitors in HER2-
amplified breast cancers display, providing a targeted
therapy combination strategy that could potentially
eliminate the need for chemotherapy.

Since in addition to forming complexes with pro-
apoptotic BCL-2 family members, MCL-1 also exerts
oncogenic activity through other means®®®’, pharmaceu-
tical reduction of MCL-1 expression may be more broadly
effective than exposure to MCL-1 BH3 mimetics. Indeed,
we noted increased sensitivity of dinaciclib and lapatinib
compared to A-1210477 and lapatinib (Fig. 1). In addition,
it should be noted that both lapatinib and neratinib are
considered dual inhibitors of HER2 and EGFR®**, which
contributes to dermatologic and gastrointestinal adverse
events’””!, We also investigated the efficacy of the highly
selective HER2 inhibitor tucatinib combined with CDK9
inhibition. Consistently, our data support the notion that
combination treatment of dinaciclib with selective HER2
inhibition can be an effective therapy against HER2-
amplified breast cancer.

In all, we propose that treating HER2-positive breast
cancers by co-targeting HER2 and MCL-1 can be
achieved with the CDK inhibitor dinaciclib, which is
clinically advanced. This combination may have advan-
tages over MCL-1 BH3 mimetics, therefore maximizing
the potential of HER2 inhibitors to treat HER2-amplified
breast cancers. Importantly, this offers a strategy that is
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independent of chemotherapy, with the aim of improving
responses and decreasing toxicity.

Materials and methods
Cell lines

The HER2-positive breast cancer cell lines used in this
study were kindly provided by the Massachusetts General
Hospital. SKBR3 cells were grown in DMEM/F12 medium
with 10% fetal bovine serum (FBS) in the presence of 1 pg/
mL penicillin and streptomycin. BT-474 cells were cul-
tured in DMEM medium containing 10% FBS, 1 pg/ml
penicillin, streptomycin, and 5 pg/ml of insulin. MDA-
MB-453, HCC-1419 were cultured in RPMI with 10% FBS
in the presence of 1 pg/mL penicillin and streptomycin.
Cells were regularly screened for mycoplasma using a
MycoAlert Mycoplasma Detection Kit (Lonza).

Reagents

The following drugs were purchased: Dinaciclib
(SCH727965) for in vitro and in vivo studies (S2768;
Selleckchem), lapatinib ditosylate (Tykerb) for in vitro and
in vivo studies (M1802; Abmole), neratinib for in vivo
studies (M1913; Abmole), A-1210477 (CT-A121; Che-
mietek), A-1331852 (22963; Cayman Chemicals), tucati-
nib (HY-16069; Medchem), and ABT-199 (venetoclax)
(CT-A199; Chemietek). The antibodies used in this study
were as follows: Anti-Bak (AB-1 clone for IP) (AMO3;
EMD Millipore), anti-Bak (3814S; Cell Signaling), anti-
Bim (C34C5) (2933S; Cell Signaling), anti-BCL-xL
(54H6) (2764S; Cell Signaling), anti-Bcl-2 (D55G8)
(Human Specific) (4223S; Cell Signaling), anti-cleaved
PARP (Asp214) (D64E10) (5625S; Cell Signaling), anti-
GAPDH (6C5) (sc-32233; Santa Cruz), anti-MCL-1 (S-
19) (sc-819; Santa Cruz), anti-phospho-p44/42 MAPK
(Erk1/2) (Thr202/Tyr204) (D13.14.4E) (4370S; Cell Sig-
naling), anti-phospho-S6 Ribosomal Protein (Ser240/244)
(D68F8) (5364S; Cell Signaling), anti-phospho-Akt
(Thr308) (244F9) (4056S; Cell Signaling), anti-phospho-
Akt (Serd73) (D9E) (4060S; Cell Signaling), anti-HER2/
ErbB2 (29D8) (2165S; Cell Signaling), anti-phospho-
HER2/ErbB2 (Tyr1248) (2247S; Cell Signaling), anti-
phospho-Rpbl CTD (Ser 2/5) (4375S; Cell Signaling),
Normal Rabbit IgG for IP (sc-2027; Santa Cruz), and
Normal Mouse IgG for IP (sc-2025; Santa Cruz).

Vector construction and establishing stable cell lines

For the short-hairpin RNA (shRNA) experiments, the
lentiviral shRNA (shBAK) was purchased from Open
Biosystems. shRNA designed against a scramble sequence
(MISSION pLKO.1-shRNA control plasmid DNA) served
as the control. The pLKO.1 puromycin-resistant vector
backbone served as the basis for cell selection in pur-
omycin following infection. Cells were transduced with
plasmid containing viral particles that were generated in
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293T cells and collected over 48 h. The human MCL1
expression vector was generated as previously described
(2). The construct was transfected into 293T packaging
cells along with the packaging plasmids and the lentivirus-
containing supernatants were collected to transduce
the cells.

Western blotting

Cell lines and tumors from BT-474 xenografts as well as
PDXs were prepared and lysed in lysis buffer (20 mM Tris,
150 mM NaCl, 1% Nonidet P-40, 1 mM EDTA, 1 mM
EGTA, 10% glycerol, and protease, and phosphatase
inhibitors), incubated on ice for 15 min, and centrifuged
at max speed for 10 min at 4°C. Tumor lysates were
homogenized with Tissuemiser (Fisher Scientific) in the
lysis buffer described previously, incubated for 20 min on
ice, and centrifuged at max speed for 10 min at 4 °C. Equal
amounts of the detergent-soluble lysates were resolved
using the NuPAGE Novex Midi Gel system on 4-12%
Bis—Tris gels (Invitrogen), transferred to polyvinylidene
fluoride membranes (PerkinElmer) in between six pieces
of Whatman paper (Fisher Scientific) set in transfer buffer
from Biorad with 20% methanol, and following transfer
and blocking in 5% nonfat milk in PBS, probed overnight
with the antibodies listed above. Representative blots from
at least three independent experiments are shown in the
figures. Chemiluminescence was detected with the Syn-
gene G: Box camera (Synoptics).

Cell viability assay

For the Cell Titer-Glo experiments, 1000—3000 seeded
cells per well in 96-well flat-bottom black plates were
treated with 25 pL of CellTiter-Glo (Promega), following
continuous drug treatment (each time with the indicated
drugs at the indicated concentrations), at 37° and 5%
atmospheric CO, and immediately read on a Centro LB
960 microplate luminometer (Berthold Technologies)
according to the Promega protocol. Quantification of no-
treatment seeded cells was used to determine the total cell
growth number over the experiment. All data are means
+ SD of three independent experiments (n = 3).

FACS apoptosis assay

Totally, 3 x 10° cells were seeded per well in six-well
plates and drugged with 100 nM dinaciclib combined with
1 uM lapatinib for 24 (BT-474) and 72 h (MDA-MB-453),
or left untreated. Cells were incubated with propidium
iodide and annexin V-Cy5 (BD Biosciences) together for
15 min and assayed on a Guava easyCyte 5 flow cytometer
(Millipore Sigma). Analysis was performed using guava-
Soft 3.1.1 software. Cells stained positive for annexin V
and annexin V + propidium iodide were counted as
apoptotic. All data are means + SD of three independent
experiments (1 = 3).
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RNA extraction and gRT-PCR

RNA was isolated from cultured cells grown at sub-
confluency using the Zymo Quick-RNA MiniPrep kit
(Zymo Research), and RNA was reverse-transcribed to
form cDNA molecules using cDNA synthesis kit super-
script III (Invitrogen) on a 7500 Fast Real-Time PCR
System (Life Technologies). The expression of MCL-I,
and S-ACTIN (ACTB) was measured using a GENEAMP
PCR System 9700 (Life Technologies) by measuring the
fluorescence increases of SYBR Green (Roche). The pri-
mers for MCL-1 forward 5-GGGCAGGATTGTGACTC
TCATT-3' and MCL-1 reverse 5-GATGCAGCTTTC
TTGGTTTATGG-3' and for ACTB forward 5-GGCAT
GGGTCAGAAGGATT-3/, and ACTB reverse 5'-AGGAT
GCCTCTCTTGCTCTG-3'. To determine relative abun-
dance of MCL-1 in relation to ACTB, the Delta-Delta
CT (cycle threshold) method was utilized. All data are
means + SEM of three independent experiments (n = 3).

Immunoprecipitation

Cells were lysed in the same buffer above; 500 g of
lysates were incubated each time with MCL-1 antibody
(2000 ng), or rabbit IgG (2000 ng). Following the addition of
25 pL of 1:1 PBS: prewashed Protein A Sepharose CL-4B
beads (cat. no. 17-096303; GE Healthcare Life Sciences) to
the antibody/lysate mix, samples were incubated with
rotating motion overnight. Equal amounts of extracts (5% of
immunoprecipitated protein) were also prepared. Repre-
sentative blots from at least three independent experiments
are shown in the figures. Chemiluminescence was detected
with the Syngene G: Box camera (Synoptics).

BAK activation assay

Cells were treated as indicated and lysed in AB-1 amino
terminal capture buffer (10 mM Hepes,135 mM NaCl, 5 mM
MgCl,, 02mM EDTA,1% glycerol +1% CHAPS, added
fresh; pH 7.4); 1500 g of lysates for the assay were incubated
each time with AB-1/BAK antibody (1000 ng). Following the
addition of 25 pL of 1:1 PBS: prewashed Protein A Sepharose
CL-4B beads (cat. no. 17-0963-03; GE Healthcare Life Sci-
ences) to the antibody/lysate mix, samples were incubated
with rotating motion overnight. Equal amounts of extracts
(2.5% of immunoprecipitated protein) were also prepared.
Representative blots from at least three independent
experiments are shown in the figures. Chemiluminescence
was detected with the Syngene G: Box camera (Synoptics).

Xenograft studies

NSG female mice were injected with ~15 x 10° BT-474
cells per 200 pL of 1:1 (cells: Matrigel). Mice were injected
intraductally both sides and monitored for tumor growth.
When tumors reached ~200 mm? the tumor-bearing
mice were randomized to a no-treatment control group, a
lapatinib group (100 mg/kg), a dinaciclib group (40 mg/
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kg), or a combination group (same doses). Mice in the
cohorts (control =4 tumors, lapatinib =5 tumors, dina-
ciclib = 4 tumors, combination = 4 tumors) were treated
with dinaciclib via IP injection and 2 h later with lapatinib
by oral gavage. The solvent for lapatinib was 1% Tween
80. Dinaciclib was formulated in 20% 2-hydroxy propyl-
B-cyclo dextrin (Sigma-Aldrich). The tumors were mea-
sured daily by electronic caliper, in two dimensions
(length and width), and with the formula v =1 x (w)2(51/6),
where v is the tumor volume, / is the length, and w is the
width (the smaller of the two measurements). The drug
schedule was 5 days a week (Monday—Friday) for lapatinib
and twice a week for dinaciclib for 30 days. For pharma-
codynamic studies, tumors were harvested 2 h following
the last lapatinib treatment, and tumors were snap frozen
in liquid nitrogen. All mouse experiments were approved
and performed in accordance with the Institutional Ani-
mal Care and Use Committee at VCU.

Patient-derived xenografts

Female NSG mice were inoculated with tumor pieces
derived from two HER2 + breast cancer PDX models
called WHIM 8 and WHIM 22 (Horizon Discovery
Group®, expanded as single cell suspensions and injec-
ted into experimental mice orthotopically at the amount
indicated in the legend of Fig. 4. Tumor growth was
monitored until tumors grew to treatable levels
(~150 mm?). These mice were then randomized into
four groups: control, neratinib (40 mg/kg), dinaciclib
(40 mg/kg), and dinaciclib/neratinib combination treat-
ment. The number of tumors per cohort was: control = 4
tumors, neratinib =4 tumors, dinaciclib=4 tumors,
combination =4 tumors for the WHIM 22 model and
control =5 tumors, neratinib =5 tumors, dinaciclib=>5
tumors, combination=>5 tumors for the WHIM 8
model. Dinaciclib was formulated in 20% 2-hydroxy
propyl-pB-cyclo dextrin (Sigma-Aldrich), while the sol-
vent for neratinib was 0.5% methocellulose—0.4% Tween
80. Mice in the cohorts were treated with dinaciclib via
IP injection and 2 h later with neratinib by oral gavage.
The drug schedule was 5 days a week (Monday-Friday)
for neratinib and twice a week for dinaciclib for 16 days
(WHIM 22) or 18 days (WHIM 8). For pharmacody-
namic studies, tumors were harvested 2 h following the
last neratinib treatment, and tumors were snap frozen in
liquid nitrogen. Tumors were measured as per the BT-
474 xenograft.

Statistical considerations

Two-tailed Student’s ¢ test was performed for
Figs. 1B-D, 2D, F, 3B, D, Suplementary Fig. 1, Suple-
mentary Fig. 3B, D, Suplementary Fig. 4 and Suplemen-
tary Fig. 5A-C using GraphPad Prism. p values were
corrected for multiple testing using Bonferroni method.
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For Figs. 4A, 5A and 5C one-way Anova test was
performed for comparisons between lapatinib/neratinib,
dinaciclib and combination cohorts. Dunnett’s test was
used as post hoc. Differences were considered statistically
different if p < 0.05. A p value < 0.05 is indicated by *, p <
0.01 by **, p <0.001 by ***, and p < 0.0001 by ****,
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