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Breast cancers (BrCas) that overexpress oncogenic tyrosine kinase receptor HER2 are
treated with HER2-targeting antibodies (such as trastuzumab) or small-molecule kinase
inhibitors (such as lapatinib). However, most patients with metastatic HER2+ BrCa
have intrinsic resistance and nearly all eventually become resistant to HER2-targeting
therapy. Resistance to HER2-targeting drugs frequently involves transcriptional reprog-
ramming associated with constitutive activation of different signaling pathways. We
have investigated the role of CDK8/19 Mediator kinase, a regulator of transcriptional
reprogramming, in the response of HER2+ BrCa to HER2-targeting drugs. CDK8 was
in the top 1% of all genes ranked by correlation with shorter relapse-free survival
among treated HER2+ BrCa patients. Selective CDK8/19 inhibitors (senexin B and
SNX631) showed synergistic interactions with lapatinib and trastuzumab in a panel of
HER2+ BrCa cell lines, overcoming and preventing resistance to HER2-targeting
drugs. The synergistic effects were mediated in part through the PI3K/AKT/mTOR
pathway and reduced by PI3K inhibition. Combination of HER2- and CDK8/
19-targeting agents inhibited STAT1 and STAT3 phosphorylation at S727 and up-
regulated tumor suppressor BTG2. The growth of xenograft tumors formed by
lapatinib-sensitive or -resistant HER2+ breast cancer cells was partially inhibited by
SNX631 alone and strongly suppressed by the combination of SNX631 and lapatinib,
overcoming lapatinib resistance. These effects were associated with decreased tumor cell
proliferation and altered recruitment of stromal components to the xenograft tumors.
These results suggest potential clinical benefit of combining HER2- and CDK8/
19-targeting drugs in the treatment of metastatic HER2+ BrCa.

CDK8/19 j Mediator kinase j HER2 j lapatinib j trastuzumab

Approximately 20% of breast cancers (BrCas) overexpress oncogenic tyrosine kinase
receptor HER2/NEU, a member of the epidermal growth factor receptor (EGFR) fam-
ily. HER2+ patients are treated with HER2-targeting drugs, including monoclonal
antibodies trastuzumab and pertuzumab, small-molecule HER2/EGFR kinase inhibi-
tors lapatinib and neratinib, and T-DM1, a conjugate of trastuzumab with a cytotoxic
drug (emtansine) (1). Despite the transformative effect of HER2-targeting drugs in the
adjuvant setting, nearly 70% of metastatic HER2+ BrCas have intrinsic resistance and
nearly all become resistant to HER2-targeting therapy after an initial response. Many
of the varied mechanisms of resistance to HER2-targeting drugs involve transcriptional
reprogramming associated with constitutive activation of signaling pathways parallel or
downstream of HER2 (2). Overcoming or preventing resistance to HER2-targeting
drugs could transform the management of patients with metastatic HER2+ BrCa.
CDK8 (ubiquitously expressed) and CDK19 (expressed in some cell types) are two

isoforms of Mediator kinase, the enzymatic component of the CDK module that binds
to the transcriptional Mediator complex. In addition to CDK8 or CDK19, the CDK
module includes Cyclin C, MED12, and MED13 (3). Unlike better-known CDKs
(such as CDK4/6), CDK8/19 regulate transcription but not cell cycle progression. In
contrast to other transcriptional CDKs, such as CDK7 or CDK9, Mediator kinase is
not a part of the overall transcription machinery (3) but acts as a cofactor or modifier
of several cancer-relevant transcription factors, including β-catenin/TCF/LEF (4),
SMADs (5, 6), Notch (7), STATs (8), HIF1α (9), ER (10), NFκB (11), and MYC
(12). CDK8/19 Mediator kinase directly phosphorylates some transcription factors
(SMADs, STATs, and Notch) and in other cases acts through C-terminal phosphoryla-
tion of RNA polymerase II (Pol II), enabling the elongation of transcription. Impor-
tantly, CDK8/19 affect Pol II phosphorylation not globally but only in the context of
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newly induced genes, impacting primarily de novo–induced but
not basal transcription (11). With this unique activity, CDK8/19
have been identified as regulators of transcriptional reprogram-
ming (11, 13, 14). CDK8 is required for embryonic develop-
ment, which is driven by transcriptional reprogramming (15, 16),
but conditional CDK8 knockout in adult animals yields no phe-
notype (17). Although systemic toxicity was reported for two
CDK8/19 inhibitors (CDK8/19i) (18), this toxicity was later
found to be due to off-target effects (19), and two other CDK8/
19i have entered clinical trials (clinicaltrials.gov NCT03065010
and NCT04021368).
CDK8 protein is elevated in the invasive ductal carcinoma of

the breast (20) and correlated with tumor stage, nodal status,
and shorter relapse-free survival (RFS) (21). CDK8 expression
in BrCa shows strong positive correlation with p53 mutant sta-
tus and MYC expression (20) and negative correlations with
the expression of ERα (10). RNA expression of CDK8 and its
interactive proteins correlates with shorter RFS in BrCa (20,
22); such correlations are much stronger in patients receiving
systemic therapy than in untreated patients, indicating that
Mediator kinase is associated with therapy failure (20). Selective
CDK8/19i inhibit estrogen-induced transcription and mito-
genic stimulation in ER+ BrCa cells, inhibit the growth of ER+

BrCa xenografts, and potentiate the effect of the antiestrogen
fulvestrant (10).
In the present study, we have analyzed the effects of CDK8/19

inhibition, using two chemically distinct selective CDK8/19i, on
the response of HER2+ BrCa cell lines to HER2-targeting small
molecules and trastuzumab in vitro and investigated in vivo
effects of a potent CDK8/19i alone and in combination with
lapatinib in xenografts formed by lapatinib-sensitive or -resistant
HER2+ BrCa cells. Our results show that CDK8/19 inhibition
has a synergistic effect with HER2-targeting agents and over-
comes resistance to HER2-targeting drugs, in vitro and in vivo.
The synergy is mediated in part through the PI3K/AKT/mTOR
pathway and associated with cooperative inhibition of STAT1
and STAT3 phosphorylation at S727 by CDK8/19- and HER2-
targeting agents. These results suggest potential utility of combin-
ing HER2- and CDK8/19-targeting drugs in the treatment of
metastatic HER2+ BrCa.

Results

Expression of CDK8 and Its Interactive Genes Is Associated
with Faster Relapse in Treated HER2+ BrCa Patients. We have
used the Kaplan–Meier plotter (23) to investigate correlations
between CDK8 RNA expression (based on microarray data
with long-term followup) and RFS in HER2+ BrCa patients,
stratified into groups that did or did not receive treatment after
sample collection. Treated patients showed much shorter RFS
if their tumors belonged to the upper tertile for the expression
of CDK8 (hazard ratio [HR] = 1.87, P = 3.4e-05), but there
was no correlation with RFS among untreated patients (SI
Appendix, Fig. S1). To compare the predictive power of CDK8
relative to other genes, the same analysis was repeated for all
the genes in HER2+ BrCa-treated patients and the genes were
ranked based on their achieved HR values. CDK8 ranked in
the top 1% (#77 of 10,091) of genes by the correlation of its
higher expression with shorter RFS. We then used Pharos anal-
ysis (24) to identify “druggable” genes, categorized as Tchem
(small molecules are known to modulate the protein) or Tclin
(approved drugs exist for this target). RFS correlations for the
top 50 druggable genes are shown in SI Appendix, Table S1.
CDK8 ranked #15 of 1,377 Tchem targets and above all but

one of 498 Tclin targets. We have also tested RFS correlations
for CDK19 (the paralog of CDK8) and CDK8/19-interactive
proteins CCNC, MED12, and MED13. CCNC and MED13
showed strong RFS correlations in treated HER2+ BrCa patients
(ranking in the top 5% of all genes), with a weaker correlation
for CDK19 but no significant correlation for MED12 in concor-
dance with previous findings for this gene in other BrCa subtypes
(20). As with CDK8, no significant survival correlations for other
CDK module subunits were observed among untreated patients
(SI Appendix, Fig. S1). These observations suggest that CDK8
with its interactive genes may play a unique role as a determinant
of treatment response in HER2+ BrCa patients.

Effects of CDK8/19 Inhibition on Cellular Response to HER2-
Targeting Drugs. We have tested the interactions between two
anti-HER2 drugs, the small-molecule kinase inhibitor lapatinib
and the monoclonal antibody trastuzumab, and two chemically
distinct selective CDK8/19i, senexin B (10) and SNX631 (also
known as 15u) (25). SI Appendix, Table S2 provides the chemi-
cal formulas and compares the activities of senexin B and
SNX631 in a battery of cell-free and cell-based assays for CDK8/19
inhibition (26). SNX631 was 6 to 10 times more potent than
senexin B in all the assays except for the DiscoverX active-
site–dependent competition binding assay. The latter assay uses
recombinant CDK8 and CDK19 proteins without their cyclin
partner CCNC; as previously discussed, the absence of CCNC
has differential effects on the binding affinities of different
CDK8/19i (19). Five HER2+ BrCa cell lines were treated for
7 d with HER2 and CDK8/19i individually and in fixed-ratio
combinations (Fig. 1 A–E). These cell lines included parental
HCC1954 (HCC1954-Par) cells (Fig. 1A) and their derivative
HCC1954-Res selected for acquired resistance to lapatinib (27)
(Fig. 1B), JIMT-1 (Fig. 1C), SKBR3 (Fig. 1D), and BT474, the
only cell line in this panel that is both HER2+ and ER+ (Fig.
1E). Synergy was determined on the basis of combination index
(CI) values calculated using CompuSyn (28). SKBR3, BT474,
and, to a lesser extent, HCC1954-Par are inherently sensitive to
lapatinib, the other cell lines being relatively resistant. Trastuzu-
mab had little effect on in vitro growth of most of these cell
lines, except for BT474. CDK8/19i alone had only minor or no
effects on the growth of most cell lines except for BT474; the
effect of CDK8/19 inhibition in such ER+ cells is mediated
through the effect of CDK8 on the transcriptional activity of ER
(10). Combining HER2 and CDK8/19i increased the growth-
inhibitory effect in every case (Fig. 1 A–E). Moreover, these
effects were synergistic in all cases (as indicated by CI values less
than 1.0), except for the additive effect of trastuzumab + senexin
B combination in SKBR3 cells. Remarkably, synergy was
observed not only in lapatinib-sensitive cell lines but also in cells
with inherent or acquired resistance to HER2-targeting drugs.
Lapatinib-selected HCC1954-Res cells showed cross-resistance to
the small-molecule HER2 inhibitor neratinib relative to
HCC1954-Par, but the addition of senexin B potentiated the
effects of neratinib on both cell lines, reversing the acquired resis-
tance (SI Appendix, Fig. S2).

We have also tested the effects of CDK8/19i on the develop-
ment of adaptive lapatinib resistance in a previously described
short-term single-step adaptation procedure (29). Both SKBR3
(Fig. 1F) and BT474 cells (Fig. 1G) were growth-inhibited
by 250 nM lapatinib after 1 wk of treatment, but cell
colonies growing in the presence of the drug became apparent
after 4 to 8 wk. After 16 wk, extensive cell growth was observed
despite the presence of lapatinib (Fig. 1 F and G), indi-
cating drug adaptation. While senexin B alone had only a
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moderate growth-inhibitory effect, the addition of senexin B to
lapatinib almost completely abrogated cell growth even after 16
wk (Fig. 1 F and G). Hence, combining CDK8/19i with

HER2-targeting drugs has a synergistic or additive effect and
both overcomes and prevents the development of resistance to
the latter agents.
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Fig. 1. Effects of CDK8/19 inhibition on the responses to lapatinib and trastuzumab in HER2+ BrCA cells. (A–E) Seven-day dose–response curves for HER2+

cell lines HCC1954-Par (A), HCC1954-Res (B), JIMT-1 (C), SKBR3 (D), and BT474 (E), treated with increasing concentrations of lapatinib or trastuzumab, alone or
in combination with CDK8/19i senexin B (SNXB) or SNX631. Cell viability data expressed as percent SRB measurements relative to untreated cells ± SD. Com-
bination indices (CIs) are shown in Upper Right corner. (F and G) Crystal violet staining of flasks with HER2 drug-sensitive cell lines SKBR3 (F) and BT474 (G)
treated continuously with senexin B (2.5 μM; B), lapatinib (250 nM; C), or their combination (D) for 1, 4, 8, and 16 wk (A, control).
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Transcriptomic Analysis of the Effects of Senexin B and Lapatinib
in HCC1954 Cells. We have carried out RNA-Sequencing (RNA-
Seq) analysis of HCC1954-Par cells treated with dimethyl sulfox-
ide (DMSO) (control), senexin B alone, lapatinib alone, or
lapatinib + senexin B combination for 24 h. We have identified
differentially expressed genes (DEGs) by the following criteria:
expressed at Fragments Per Kilobase of transcript per Million
(FPKM) >1 in at least one condition; fold change (FC) >1.5
between two conditions; and false discovery rate (FDR) <0.05.
Lapatinib increased the expression of 224 and decreased the expres-
sion of 195 DEGs relative to the control, whereas senexin B
up-regulated 61 and down-regulated 32 genes relative to the con-
trol and up-regulated 67 and down-regulated 40 DEGs relative to
lapatinib. The effects of senexin B on all 419 lapatinib-regulated
DEGs are shown in SI Appendix, Fig. S3A. Senexin B reversed
lapatinib-induced changes in 12 DEGs (5 down-regulated and 7
up-regulated) and enhanced lapatinib-induced up-regulation of 7
other DEGs (SI Appendix, Fig. S3B). Interestingly, 2 of 12 DEGs
that showed reversal of lapatinib-induced changes following the
addition of senexin B, ALPP and ETV5, are among 5 genes that
were up-regulated in common upon selection for trastuzumab
resistance in SKBR3 and BT474 cells (30), suggesting that CDK8/
19 inhibition may suppress transcriptional pathways associated
with resistance to HER2-targeting drugs.
We have used gene set enrichment analysis (GSEA) (31) to

determine which of the 50 hallmark pathways were differen-
tially affected by lapatinib alone and by lapatinib + senexin B
combination. GSEA plots for the most prominently affected
pathways are shown in Fig. 2. Among these, the PI3K/AKT/
mTOR pathway geneset was weakly affected by lapatinib alone
but showed a strong negative correlation for the combination-
treated samples; the effects on differentially affected genes of
this pathway are shown in SI Appendix, Fig. S3C and Table S3.
A different impact was observed with two overlapping genesets
that are regulated by interferon γ (IFNγ) and IFNα. These
pathways were strongly enriched in lapatinib-treated samples
but showed a negative correlation when senexin B was added to
lapatinib (Fig. 2); the effects on the combined DEGs of these
pathways are shown in SI Appendix, Fig. S3D and Table S4.
Based on GSEA analysis, we undertook functional analysis of
the role of the most affected pathways on the synergistic inter-
actions between HER2- and CDK8/19-targeting drugs.

PI3K Inhibition Abrogates the Synergistic Effect of CDK8/19
Inhibition on Lapatinib Response. To test the effect of PI3K/
AKT/mTOR pathway inhibition on the synergy between
HER2 and CDK8/19i, we used two chemically distinct PI3K
inhibitors: pictilisib, a pleiotropic inhibitor of different PI3K
isoforms, and PI3Kα-specific inhibitor alpelisib. The effect of
different PI3K inhibitor (PI3Ki) concentrations on 7-d growth
of HER2+ BrCa cell lines HCC1954-Par, HCC1954-Res, and
JIMT-1 are shown in Fig. 3A (for pictilisib) and Fig. 3B (for
alpelisib). Pictilisib and (to a lesser extent) alpelisib strongly
inhibited the growth of all three cell lines. To analyze the effect
of PI3K inhibition on the synergy between HER2 and CDK8/
19i, we selected the concentrations of 250 nM pictilisib and
500 nM alpelisib, which inhibited cell growth by ∼25% or less
after 7 d (Fig. 3 A and B) but significantly suppressed PI3K
activity as indicated by AKT phosphorylation (Fig. 3 C and D).
We then tested the effects of lapatinib, SNX631, and their
fixed-ratio combinations on the same three HER2+ BrCa cell
lines in the presence of 250 nM pictilisib or 500 nM alpelisib.
Despite their different structures, both PI3Ki had essentially
the same effects on the responses of all three cell lines to lapati-
nib and SNX631 (Fig. 3 E and F) relative to the effects of these
drugs in the absence of PI3Ki (Fig. 1 A–C). PI3Ki produced a
strong sensitization to lapatinib, with no apparent sensitization
to SNX631. Furthermore, SNX631 and lapatinib no longer
showed synergy in the presence of pictilisib or alpelisib, as indi-
cated by CI values >1 (Fig. 3 E and F). Notably, the effects of
CDK8/19i were not associated with any significant changes in
AKT phosphorylation by SNX631 alone or in combination
with pictilisib (Fig. 3C) or alpelisib (Fig. 3D).

Synergistic Effects of HER2 and CDK8/19i on STAT1 and STAT3
S727 Phosphorylation. INFγ and INFα signaling are regulated
in part through STAT transcription factors, including STAT1
and STAT3 (32, 33). The activity of these factors is modulated
in a complex manner by serine phosphorylation at position 727
(34, 35). CDK8 was shown to be capable of phosphorylating
STAT3 (8, 35), a transcription factor implicated in breast carci-
nogenesis (36), at S727; this phosphorylation was reported to
enhance the transcription-stimulating activity of STAT3 (37).
STAT1 S727 phosphorylation was also found to be affected by
CDK8 (8), in addition to other kinases (19). In contrast to
STAT3, STAT1 has been identified as a tumor suppressor in
BrCa but S727 phosphorylation of STAT1 may counteract its
tumor-suppressive activity (38). We have investigated the effects
of lapatinib, trastuzumab, and CDK8/19i on STAT1 and STAT3
phosphorylation at S727, in SKBR3 cells (where senexin B was
used as the CDK8/19i) (Fig. 4A) and in HCC1954-Par,
HCC1954-Res, and JIMT-1 cells (using SNX631 as CDK8/19i)
(Fig. 4B). CDK8/19i alone decreased STAT1 S727 phosphoryla-
tion in all four cell lines. Combining lapatinib and CDK8/19i
further decreased this phosphorylation in all the cell lines, whereas
lapatinib alone also had noticeable effects in SKBR3 and JIMT-1
cells. Trastuzumab alone did not reduce STAT1 S727 phosphory-
lation in any cell line tested, but phosphorylation at this site was
further reduced by combined trastuzumab–CDK8/19i treatment,
as compared to CDK8/19i alone, in three of the tested cell lines.
STAT3 S727 phosphorylation was also decreased by CDK8/19i
(albeit to a lesser extent than STAT1 phosphorylation). Com-
bined lapatinib–CDK8/19i treatment further decreased phosphor-
ylation at this site in all four cell lines but combining trastuzumab
and CDK8/19i augmented the decrease in phosphorylation only
in SKBR3 and HCC1954-Res cells. Based on these observations,
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we investigated the role of STAT1 and STAT3 in the resistance
to lapatinib and SNX631.

Effects of STAT1 and STAT3 Knockouts in Response to Lapatinib.
We carried out CRISPR-Cas9 knockout of STAT1 and STAT3 in
HCC1954-Par, HCC1954-Res, and JIMT-1 cells. STAT3 knockout

in HCC1954-Par and HCC1954-Res cells led to overexpression
of STAT1, as apparent compensatory mechanism, but no recipro-
cal compensation was observed in these cells after STAT1 knock-
out (Fig. 4C). Such compensation was not seen after STAT1 or
STAT3 knockout in JIMT-1 (Fig. 4C). We also generated
HCC1954-Par and JIMT-1 cells with knockouts of both STAT1
and STAT3 (Fig. 4C); however, we were unable to obtain viable
HCC1954-Res cells with the knockout of both genes.

We then tested the effects of STAT1 and STAT3 knockouts
on lapatinib sensitivity in HCC1954-Par and JIMT-1 cells.
The knockout of either STAT1 or STAT3 alone had no effect
on lapatinib sensitivity (Fig. 4D) but the knockout of both
STATs sensitized both cell lines to lapatinib (Fig. 4E), indicat-
ing a cooperative effect. The knockout of STAT1 + STAT3
slightly sensitized HCC1954-Par but not JIMT-1 to SNX631
alone (Fig. 4F), while reducing the synergy between lapatinib
and SNX631 in HCC1954-Par (CI = 0.954) seemingly abol-
ished such synergy in JIMT-1 (Fig. 4G; CI could not be calcu-
lated in JIMT-1 due to minimal effect of SNX631). These
results implicate STAT1 and STAT3 as cooperating factors in
lapatinib sensitivity and as variable determinants in the synergy
between HER2- and CDK8/19-targeting agents.

Effects on MicroRNAs Regulating Drug Response in HER2+

BrCa and on BTG2 Tumor Suppressor. We have previously
found that the effects of Mediator kinase on metastatic growth
of colon cancer are mediated by a microRNA (miR) (39).
Some oncogenic miRs have been implicated in HER2 BrCa
drug response, as well as in STAT and PI3K/AKT/mTOR sig-
naling. In particular, miR-21 is up-regulated by and targets
STAT3 (40, 41); and decreased miR-21 was correlated with
better survival of HER2+ BrCa patients (42). Silencing of miR-
21 also confers sensitivity to tamoxifen and fulvestrant in BrCa
through inhibition of the PI3K/AKT/mTOR pathway (43).
Another microRNA, miR-221, confers lapatinib resistance in
HER2+ BrCa (44) and gefitinib resistance in cervical cancer (45)
and has been implicated as a regulator of both PI3K/AKT/
mTOR (45) and STAT pathways (46, 47). We used qPCR to
measure the expression of miR-21 for both its guide strand
(miR-21-5p) and passenger strand (miR-21-3p) and of miR-221
(guide strand) expression in parental and resistant HCC1954
cells. The cells were untreated or treated with lapatinib, SNX631,
or their combination. As shown in Fig. 5A, all three miRs were
up-regulated by lapatinib or SNX631 individually in both cell
lines, but no up-regulation was observed upon treatment with the
drug combination.

A prominent target of miR-21 is the tumor suppressor gene
BTG2, which is involved in cell differentiation, proliferation,
apoptosis, and other cellular functions (48). qPCR analysis
showed that BTG2 was strongly up-regulated in both HCC1954-
Par and HCC1954-Res cells by the combination of lapatinib and
senexin B, with much weaker effects of individual drugs (Fig.
5B). To determine whether BTG2 expression contributes to the
response to HER2 and CDK8/19i, we used shRNA transduction
to decrease BTG2 expression (Fig. 5C). BTG2 knockdown made
these cells more resistant to lapatinib, SNX631, and their combina-
tion (Fig. 5D), suggesting that induction of this tumor suppressor
may mediate the antiproliferative effect of HER2 and CDK8/19i.

CDK8/19i Suppresses In Vivo Tumor Growth and Potentiates
Lapatinib in Lapatinib-Sensitive and Resistant HER2+ BrCa
Xenografts. We have tested the effects of in vivo treatment
with lapatinib and SNX631 in HCC1954-Par and HCC1954-
Res xenografts in NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice.
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Mice were randomized into four groups when the average tumor
volume reached ∼100 to 150 mm3 and treated with vehicle,
SNX631, lapatinib, or SNX631 + lapatinib combination. Fig.
6A shows the effects of the treatments on tumor volumes (Left),
final tumor weights (Middle), and mouse body weights (Right)
for HCC1954-Par, and Fig. 6B shows the same data for
HCC1954-Res xenografts. Lapatinib significantly inhibited
tumor growth in both models, although its effect was stronger in
HCC1954-Par than in HCC1954-Res tumors, as expected.
Remarkably, SNX631 alone significantly decreased tumor size
and tumor weights in both models, despite its weak effect in vitro
against the same cells (Fig. 1 A and B), indicating in vivo–specific
roles of CDK8/19 in HER2+ tumors. The combination of lapatinib

and SNX631 exhibited the strongest tumor growth inhibition in
both models, significantly enhancing the effects of lapatinib and
SNX631 (Fig. 6 A and B). There was no toxicity of the treat-
ments based on mouse body weights and cage-side observations.
(Fig. 6 A and B).

We carried out extensive immunohistochemical (IHC) and
immunofluorescence (IF) analysis of HCC1954-Par tumors
from all treatment arms; representative images are shown in SI
Appendix, Figs. S4–S6. Hematoxylin and eosin (H&E) staining
(SI Appendix, Fig. S4A) showed extensive tumor necrosis in all
arms, including control, in agreement with previous characteri-
zation of this xenograft model (49). Both individual drugs and
their combination strongly decreased staining for proliferation
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Fig. 4. STAT1 and STAT3 interactions with CDK8/19 and HER2 inhibitors. (A) Representative Western blots (with densitometric measurements, mean ± SEM
of three independent experiments) showing the effects of lapatinib or trastuzumab, alone or in combination with senexin B on phosphorylation of STAT1
S727 and STAT3 S727 in SKBR3 cells. (B) The same for the effects of lapatinib or trastuzumab, alone or in combination with SNX631 on phosphorylation in
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marker Ki67 (Fig. 6C and SI Appendix, Fig. S4B). Apoptosis
(as measured by Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) staining), was increased by lapati-
nib and lapatinib + SNX631 but not by SNX631 alone (Fig.
6D and SI Appendix, Fig. S4C). HER2 expression was not
detectably altered by any treatments (SI Appendix, Fig. S4D)
and ERα expression remained almost undetectable in all arms
(SI Appendix, Fig. S4E).
Further, we analyzed the expression of STAT1 and STAT3

phosphorylated at S727, as well as total STAT1 and STAT3
expression. Although lapatinib alone appeared to decrease both
total STAT1 and pSTAT1-S727 immunolabeling, the ratio
of pSTAT1-S727 to tSTAT1 was not significantly different
between lapatinib and control arms. On the other hand, SNX631
alone and in combination with lapatinib significantly decreased
the ratio of pSTAT1-S727 to tSTAT1 (Fig. 6E and SI Appendix,
Fig. S5 A and B). Both drugs, individually and in combination,
decreased immunolabeling for pSTAT3-S727 and (to a lesser
extent) for total STAT3 (Fig. 6F and SI Appendix, Fig. S5 C and
D). These results indicate that inhibition of pSTAT3-S727 and
pSTAT1-S727 may be regarded as a potentially mechanistic
pharmacodynamic marker of CDK8/19 inhibition in HER2+

BrCa therapy.
Potentially significant effects of SNX631 + lapatinib combina-

tion were observed in the analysis of stromal elements of the
tumors. In particular, lapatinib treatment significantly increased

αSMA immunolabeling, a marker of tumor recruitment of stromal
fibroblasts, but such an increase was not observed when lapati-
nib was combined with SNX631 (Fig. 6G and SI Appendix,
Fig. S6A), suggesting that CDK8/19 inhibition may suppress
this potentially tumor-promoting effect of lapatinib. Staining
for arginase-1 (ARG1), a marker of alternatively activated (M2)
macrophages that can promote tumor aggressiveness (50), was
strongly decreased by SNX631 and lapatinib alone, with a
slightly greater suppression of this tumor-promoting stromal
component in combination-treated tumors (Fig. 6H and SI
Appendix, Fig. S6B). The recruitment of endothelial cells
(assessed by staining for CD31) was decreased by lapatinib and
combination treatment but not by SNX631 alone (SI Appendix,
Fig. S6C).

Discussion

We have found that CDK8 expression in HER2+ BrCa is very
strongly correlated with shorter RFS in treated patients, in
agreement with earlier analysis of clinical correlations of CDK8
RNA (10, 20) or protein (21) expression with RFS in BrCa in
general. Remarkably, the RFS correlation for CDK8 was stron-
ger than for >99% of all genes, including all but one target of
approved drugs. This correlation, however, was not observed in
patients who remained untreated after sample collection, sug-
gesting that the impact of CDK8 may be exerted primarily on
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Fig. 5. Effects of lapatinib and CDK8/19i on miR-21, miR-221, and BTG2. (A) qPCR analysis of miR-21-3p, miR-21-5p, and mir-221 expression in HCC1954-Par
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the response to treatment, which in the case of HER2+ patients
is centered on HER2-targeting drugs. This conclusion was vali-
dated by similar findings for other CDK module components,
CCNC and MED13, although not for MED12, which previ-
ously showed dissimilar or even opposite prognostic correlations
to other CDK module subunits (20). In agreement with the sug-
gested impact of CDK8 on the outcome of treatment, two
chemically distinct selective CDK8/19i strongly potentiated
both trastuzumab and lapatinib (as well as neratinib) in all tested
HER2+ BrCa cell lines, including those that were resistant to
trastuzumab or lapatinib alone, indicating that CDK8/19i may
overcome resistance to HER2-targeting agents. CDK8/19 inhi-
bition also prevented the development of lapatinib resistance in

two HER2+ BrCa cell lines, a result similar to the effects of
these inhibitors we observed on the development of resistance to
gefitinib and erlotinib (which target EGFR, a tyrosine kinase
related to HER2/ERBB2) in HER2+ BrCa cells (29). In the lat-
ter study, however, CDK8/19i did not potentiate the effects of
EGFR inhibitors and did not overcome the acquired resistance
to these agents, suggesting that the prevention of resistance was
most likely due to the general ability of CDK8/19i to suppress
transcriptional reprogramming (11). In contrast, the prevention
of lapatinib resistance could have been due to the reversal of
acquired resistance to lapatinib by CDK8/19 targeting drugs.

Since transcriptional regulation is the function of CDK8/19,
we have used RNA-Seq to approach the mechanism of the
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Fig. 6. Effects of SNX631 and lapatinib on HCC1954-Par and HCC1954-Res xenografts. (A) Tumor growth (Top), final tumor weights (Middle), and mouse
body weights (Bottom) for HCC1954-Par xenografts treated with vehicle control, lapatinib, SNX631, and laptinib + SNX631 combination. (B) The same for
HCC1954-Res xenografts. (C) Densitometric analysis of Ki67 IHC staining of HCC1954-Par xenografts treated with vehicle control, lapatinib, SNX631, and lapa-
tinib + SNX631 combination (representative images in SI Appendix, Fig. S4B). (D) The same for TUNEL (apoptosis) staining (representative images in SI
Appendix, Fig. S4C). (E) The same for IF staining for pSTAT1 S727 (representative images in SI Appendix, Fig. S5A), total STAT1 (representative images in SI
Appendix, Fig. S5B), and ratio of IF image intensity for pSTAT1 S727 to total STAT1. (F) The same for pSTAT3 S727 and total STAT3 (representative images
in SI Appendix, Fig. S5 C and D). For tumor growth: *SNX631 + lapatinib significantly different from SNX631 alone; #SNX631 + lapatinib significantly different
from lapatinib alone. (G) The same for IF staining for αSMA (representative images in SI Appendix, Fig. S6A). (H) The same for IHC staining for arginase-1
(representative images in SI Appendix, Fig. S6B). For tumor mass and immunostaining: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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interaction between CDK8/19i and HER2 inhibitor lapatinib
(which has a stronger and broader effect in vitro relative to the
monoclonal antibody trastuzumab). Although lapatinib inhibits
not only HER2 but also EGFR, the results of our analysis are
unlikely to be attributable to EGFR inhibition, since CDK8/19
inhibition does not potentiate EGFR inhibitors in HER2+

BrCa cells (29). GSEA analysis of the transcriptional effects of
CDK8/19 and HER2 inhibitors suggested two pathways,
PI3K/AKT/mTOR and IFNα/IFNγ, as potential mediators of
synergy. Remarkably, even partial inhibition of PI3K by two
chemically distinct inhibitors (pan-PI3K inhibitor pictilisib and
PI3Kα-selective inhibitor alpelisib) strongly sensitized HER2+

BrCa to lapatinib, in agreement with previous reports (51), and
greatly diminished or abolished the synergy with CDK8/19i.
This result suggests that inhibition of the transcriptional effects
of the PI3K pathway by the combination of lapatinib and
CDK8/19i could be largely responsible for the synergistic effect
of the latter combination. On the other hand, given the effects
of CDK8/19 on multiple transcription factors, it is unlikely to
be the only mechanism.
In particular, CDK8/19 inhibition largely reversed the tran-

scriptional effects of lapatinib on IFNα/IFNγ pathways, which
are mediated in part by STAT transcription factors that are
known to be phosphorylated at S727 residues by CDK8/19 (8,
13, 19, 35, 52, 53), although the effects of S727 phosphoryla-
tion on STAT-driven transcription are complex and cell con-
text dependent (13, 35). STAT3 phosphorylation at S727 was
reported to stimulate transcription of mitochondrial genes in
zebrafish (54) but our RNA-Seq data showed no significant
effects of treatments on any mitochondrial genes. STAT3,
which as an established oncogenic driver in BrCa, was shown
to be up-regulated (55) and potentiated (56) by HER2 and has
been linked to resistance to HER2-targeting drugs in cell cul-
ture (57) and in the clinic (58). In contrast to STAT3, STAT1,
which was also reported to be up-regulated by HER2 (59), is
believed to play a tumor suppressor role in HER2-driven mam-
mary tumor formation (38). Our analysis of the effects of
STAT1 and STAT3 knockout showed drastic up-regulation of
STAT1 upon STAT3 knockout in HCC1954 cells. This result,
which suggests that STAT1 overexpression may compensate for
the loss of STAT3 in HER2+ BrCa growth, was surprising
because STAT3 has been identified as a positive regulator of
STAT1 expression (59). We have further found that the knock-
out of both STAT1 and STAT3, but not of the individual
STATs, was required for sensitizing HER2+ BrCa cells to lapa-
tinib, also suggesting a compensatory mechanism.
We observed cooperative effects of HER2 and CDK8/19i on

STAT1 and STAT3 phosphorylation at S727. We also noted a
moderate decrease in the total STAT1 in cells treated with
CDK8/19i. On the other hand, HCC1954 cells with the
knockout of both STAT1 and STAT3 still showed a synergistic
response to lapatinib and CDK8/19i, suggesting that the role
of STATs in mediating this synergy may not be as prominent
as the role of PI3K. As another potential mechanism, we found
that oncogenic microRNAs miR-21 and miR-221, implicated
in resistance to HER2-targeting drugs (42, 44), were up-
regulated by lapatinib alone but not by lapatinib combination
with a CDK8/19i, suggesting the prevention of lapatinib-
induced induction of these miRNAs by CDK8/19i as a mecha-
nism of synergy. In agreement with this hypothesis, we observed
that stress-inducible tumor suppressor BTG2, a known target of
miR-21, was up-regulated by a combination of lapatinib and
a CDK8/19i in HCC1954 cells, and that BTG2 knockout
increased cellular resistance to both lapatinib and the CDK8/19i.

Taken together, our results indicate that CDK8/19 inhibition
potentiates cell growth inhibition by HER2-targeting drugs
through transcriptional effects on PI3K and other signal trans-
duction pathways.

In vivo treatment of HCC1954-Par and HCC1954-Res xen-
ografts with lapatinib, CDK8/19i SNX631, and their combina-
tion revealed that the addition of the CDK8/19i potentiated
the effect of lapatinib and almost completely suppressed tumor
growth in both models, with no apparent toxicity. Further-
more, SNX631 alone showed a significant tumor-suppressive
effect, in contrast to its very weak effect on the proliferation of
the same cells in vitro. Remarkably, CDK8/19i senexin B also
showed an apparently more prominent effect on in vivo growth
of ER+ BrCa cells relative to its effect in vitro (10). Selective
CDK8/19i have been shown to suppress the tumor-promoting
paracrine activities of stromal fibroblasts (22), suggesting that
the stronger in vivo effect of such inhibitors could be due to
the role of CDK8/19 in tumor–stromal interactions. Indeed, we
have observed that lapatinib-treated tumors had an increased
content of tumor-associated αSMA-positive activated fibroblasts,
but this increase was prevented by combining lapatinib with
SNX631. Furthermore, SNX631 alone and in combination with
lapatinib strongly decreased the content of ARG1-positive
tumor-promoting M2 macrophages in tumor sections. Interest-
ingly, M2 macrophage polarization is regulated by STATs, as are
many other immune components of the tumor microenviron-
ment (60). Our in vivo studies were based on xenograft models
in immunodeficient mice, which lack the lymphocyte compo-
nents. To overcome this limitation and to elucidate the impact
of STAT-mediated and other effects of CDK8/19 on the
immune components of the stroma, it will be necessary at the
next phase to carry out in vivo studies using syngeneic tumor
models in immunocompetent mice.

The results of the present study reveal that CDK8/19i par-
tially suppress HER2+ BrCa tumor growth and potentiate the
effects of HER2-targeting drugs, the principal class of agents
used in the treatment of such cancers. As previously reported,
CDK8/19i also inhibit the growth of ER+ BrCa and potentiate
the effects of antiestrogens (10). Moreover, CDK8/19i were
also found to inhibit the growth of triple negative BrCa (61,
62). These results suggest that CDK8/19i, some of which have
already entered clinical trials, may become a key component in
the therapeutic armamentarium for different types of BrCa.

Materials and Methods

The sources of all the materials, oligonucleotide sequences, and detailed methods
are provided in SI Appendix.

Cell Modification and Cell Proliferation Assays. HCC1954 lapatinib-
resistant cells were generated as described (27). sgRNA knockouts were carried
out by lentiviral transduction of sgRNAs cloned in lentiCRISPR v2 vectors Addg-
ene #52961 (from Feng Zheng) and Addgene #98293 (from Brett Stringer),
followed by selection of transduced cells with puromycin or blasticidin, respec-
tively. The effects of different compounds and their combinations on cell
growth were measured by Sulphorhodamine B (SRB) assay after 7 d of treat-
ment (or by acid phosphatase assay after 5 d of treatment in the case of nerati-
nib). Synergy analysis was based on CI values calculated using CompuSyn
software (28).

RNA and Protein Analysis. Expression of individual mRNAs or miRNAs in total
RNA samples was measured by qRT-PCR. For miRNA analyses, total RNA was pol-
yadenylated on the 30 end prior to reverse transcription. RPL13A was used as the
reference gene for qRT-PCR. RNA-Seq was carried out on Illumina HiSEq 3000/
4000 platform for 2 × 150 bp reads, averaging ∼35 million reads per sample.
DEG analysis was performed in R using the edgeR package. The GSEA analysis
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was performed using Broad Institute GSEA software. The RNA-Seq data in Gene
Expression Omnibus is available under accession No. GSE191050. For Western
blot analysis, cell lysates were prepared using protease and phosphatase inhibi-
tors. Protein bands were quantified with ImageJ.

Mouse Xenograft Models. Female NSG mice (aged 6 wk) were inoculated sub-
cutaneously into the right flank with 5 × 106 HCC1954-Par or HCC1954-Res cells
in 50% Matrigel. Tumors were measured with calipers and mice were weighed
twice weekly. Once average tumor volume reached ∼150 mm3, mice were ran-
domized to four treatment groups: control, SNX631 alone, lapatinib alone, or
SNX631 + lapatinib. Lapatinib ditosylate was administered by daily oral gavage
at 100 mg/kg. SNX631 was administered in a 500-ppm medicated diet (for the
HCC1954-Par study) or in a 250-ppm medicated diet plus daily oral gavage sup-
plement (5 mg/kg SNX631) (for the HCC1954-Res study). On the final day of the
study, tumors were excised and weighed, and then fixed in 10% formalin and
stored in 70% ethanol at 4 °C until processing. All mouse studies were approved
by the University of South Carolina Institutional Animal Care and Use Committee.

IHC and IF Analysis. Immunostaining was carried out on 10-μm sections cut
from formalin-fixed paraffin-embedded tissue blocks. For immunofluorescence,
confocal imaging fields were selected that were within two field widths of the
tumor boundary to avoid necrotic areas deeper in the tumor. A total of 4 to
10 fields per section were imaged. ImageJ scripts were used to convert
original czi files into tiff images and create maximum intensity projections
(MIPs). Image thresholds were set and verified using randomly selected subsets
of MIPs.

Statistical Analysis. Differences between groups were validated by two-way/
three-way analysis of variance (ANOVAs) with multiple comparisons, followed by
t tests when validated, using GraphPad Prism 9 software. Kaplan–Meier survival
analysis was carried out using www.kmplot.com on a total of 3,955 BrCas of Affy-
metrix microarray data, by selecting HER2+ samples, further stratified as

untreated or treated (“untreated excluded”). High expression of CDK8, CDK19
(CDC2L6), CCNC, MED12, and MED13 was defined as the upper tertile. The
same analysis was repeated in all HER2+ untreated excluded samples for all
genes present in the gene arrays, using the JetSet best probeset. Druggable
genes belonging to Tchem or Tclin categories (24) were identified using www.
pharos.nih.gov.

Data Availability. RNA-Seq data have been deposited in Gene Expression
Omnibus (GSE191050) and are available at (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE191050) (63).
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