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SUMMARY

Recurrent deletion of 16912.2 is observed in luminal breast cancer, yet the causal genomic
alterations in this region are largely unknown. In this study, we identify that loss of AKTI/P,
which is located on 16g12.2, drives tumorigenesis of estrogen receptor alpha (ERa)-positive, but

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
"Correspondence: lydiacwt@hku.hk.

AUTHOR CONTRIBUTIONS

L.W.T.C. conceived and coordinated the project. L.W.T.C. designed the experiments. A.S.N.N., S.Z., V.C.Y.M,, Y.Z., and Y.Y.
performed experiments. R.S. contributed to mass spectrometry analysis. Y.L. contributed to RPPA experiments. A.S.N.N., V.C.Y.M.,
S.Z,G.Z,W.Z,, HH.P, and L W.T.C. analyzed the data. L.W.T.C. wrote the manuscript with input from the other authors.
DECLARATION OF INTERESTS

The authors declare no competing interests.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.celrep.2022.111821.


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.celrep.2022.111821

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ng et al.

not ERa-negative, breast cancer cells and is associated with poor prognosis of patients with ERa.-
positive breast cancer. Intriguingly, AK7/P-depleted tumors have increased ERa protein level and
activity. Cullin-associated and neddylation-dissociated protein 1 (CAND1), which regulates the
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cullin-RING E3 ubiquitin ligases, protects ERa from cullin 2-dependent proteasomal degradation.

Apart from ERa signaling, AKT/P loss triggers JAK2-STAT3 activation, which provides an
alternative survival signal when ERa is inhibited. AK7T/P-depleted MCF7 cells and ERa-positive
patient-derived organoids are more resistant to ERa antagonists. Importantly, the resistance can
be overcome by co-inhibition of JAK2/STAT3. Together, our results highlight the subtype-specific
functional consequences of AKT/Ploss and provide a mechanistic explanation for the enriched

AKTIP copy-number loss in ERa-positive breast cancer.

Graphical Abstract

In brief

Ng et al. report AKT/Ploss at 16g12.2 as a functional aberration of ERa-positive breast cancer
and the therapeutic approach to target such aberration. They show that ERa stabilization and

ERa-positive Endocrine-resistant
breast cancer cells cells
[ N ] o8¢ ®
(@] 2
AKTIP loss
Frequent 16q12 2 loss
AKT.\'P / \
+ ERa
o antagonist
NS CAND1
o~
X Cullin 20) JAK2 + JAK2/STAT3
inhibitor
Inhibit ERa J_ l
ubiquitination
[ STAT
E2
'NIG A e @
- Culiln:\z\\ L
JAK2/STAT3
activation Tumor cells
re-sensitized to
endocrine therapy

JAK2/STAT3 activation are the mechanisms underlying the enhanced tumorigenesis and endocrine

resistance.

Cell Rep. Author manuscript; available in PMC 2023 January 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ng et al.

Page 3

INTRODUCTION

RESULTS

Breast cancer is partitioned based on the mRNA expression of 50 genes (PAM50) into

5 intrinsic molecular subtypes, including luminal A, luminal B, basal (triple-negative),
human epidermal growth factor receptor 2 (HER2)-enriched, and normal-like.1-2 These
subtypes have unique histopathological features, clinical manifestations, and responses to
systemic therapies. Apart from distinct gene expression patterns, genomic profiling of breast
cancer samples has revealed somatic aberration patterns that are enriched in particular
molecular subtypes of the disease.34 For example, highly frequent focal loss of 16¢12.2
in luminal or estrogen receptor alpha (ERa)-positive breast tumors has been reported in
several independent cohorts.*~" Within this locus, RBL2is a relatively well-established
tumor suppressor that inhibits E2F-dependent transcription and cell-cycle progression in
multiple cancer types, including breast cancer,8:° whereas RPGRIPIL is a potential tumor
suppressor as demonstrated in hepatocellular carcinoma cell lines.10

The luminal A and luminal B subtypes, which account for 60%—70% of breast cancers,

are distinct from the other subtypes by being ERa-positive. Luminal B tumors tend to

be more aggressive and are associated with worse prognosis than luminal A tumors.1112
The standard treatments for luminal tumors are endocrine therapy (e.g., tamoxifen) and
chemotherapy. However, around 1/3 of the patients who initially respond to tamoxifen would
eventually relapse with endocrine-resistant disease.13 Endocrine resistance can be driven by
ESR1 mutation, 1415 Joss of ERa expression,16 or aberrant expression of ERa co-regulators
that modulate ERa-mediated transcription.1”-18 Additional resistance mechanism includes
activation of receptor tyrosine kinases and the downstream AKT or MAPK pathway, which
in turn limits the cytotoxicity of the ERa inhibitor by providing a bypass survival signal or
by inducing ligand-independent ERa activation.19-22 Recent studies have also demonstrated
that altered DNA methylation or mutation at ERa-binding sites causes reprogramming of
ERa cistrome and endocrine resistance.23:24

Here, we show that loss of AK7/Pon 16q12.2 is a prognostically and therapeutically
relevant chromosomal aberration in ERa-positive breast cancer. AKT/P-depleted ERa.-
positive breast tumor cells are tumorigenic and resistant to ERa antagonists. The subtype-
specific effects of AK7/Ploss in ERa-positive tumors suggest that the aberration is
recurrent in this particular subtype for functional advantages.

AKTIP loss promotes tumorigenic phenotypes selectively in luminal breast cancer cells

Homozygous and heterozygous loss of AKT/Pwere detected in 1.5% and 54.5% of The
Cancer Genome Atlas (TCGA) breast cancer cases, respectively (Figure S1A). There was

a significant association between AKT/P copy number and breast cancer subtypes (Kruskal-
Wallis test; p = 0.007), with luminal tumors displaying a higher proportion of AK7/Ploss
than the other subtypes (Figure S1B). Indeed, AKT/P copy numbers were significantly
lower in luminal tumors or ERa-positive tumors than tumors of the other subtypes or ERa-
negative tumors (Figure S1C). The copy number of AKT/P correlates with its mMRNA levels
(r=10.69, p <0.0001; Figure S1D), suggesting a possible causal relationship. Importantly,
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AKTIPmRNA levels were significantly lower in breast tumors compared with their matched
normal breast tissues (p < 0.0001, Wilcoxon signed-rank test; Figure 1A).

We then evaluated the association between AK7/P mRNA levels and patient survival
outcomes using a Kaplan-Meier (KM) plotter and METABRIC dataset.2>26 Intriguingly,
low AKT/PmRNA levels were associated with poor survival in patients with ERa-positive
breast cancer in the KM plotter dataset (patients divided at lower tertile: hazard ratio [HR]
=1.27, 95% confidence interval [CI] = 1.04-1.54, p = 0.017; not significant for patients
divided at median or quartile) and in METABRIC dataset (divided at median: HR = 1.15,
95% Cl = 1.01-1.32, p = 0.037; or lower tertile: HR = 1.16, 95% CI = 1.01-1.35, p = 0.036;
Figures 1B and S2A; Table S1). No association was observed in patients who were ERa-
negative or that were stratified based on the status of progesterone receptor or HER2 in both
datasets (Figures 1B and S2A; Table S1). When patients in these two datasets were stratified
into the intrinsic molecular subtypes, a significant association between low AK7/P mMRNA
levels and poor survival was observed in patients with luminal B (KM plotter samples
divided at lower tertile: HR = 1.47, 95% CI = 1.08-2.00, p = 0.016; METABRIC samples
divided at median: HR = 1.48, 95% CI = 1.20-1.88, p = 0.0005; Figures S2B and S2C),
suggesting that the shorter survival in patients who were ERa-positive might be mainly
attributed to the luminal B subpopulation. Further, analysis of TCGA breast cancer data
identified that AK7/P gene copy loss was associated with a trend (although not statistically
significant) toward shorter progression-free survival in patients with luminal A or luminal B
(Figure S2D) and a significantly shorter survival in patients with luminal B in METABRIC
cohort (HR =1.27, 95% CI = 1.01-1.60, p = 0.043; Figure S2E). No trend was noted in
patients of basal, HER2-enriched, or normal-like subtype (Figures S2D and S2E). These
findings together suggested that copy-number loss of AKT/Pis enriched in the ERa-positive
tumors and that AKT/P depletion correlates with poor patient survival, particularly in the
luminal B subtype. We therefore hypothesized that AK7/P may be selectively deleted in
ERa-positive breast cancer for functional advantages.

To explore this possibility, we investigated the functional consequences of AK7/Ploss
using siRNA knockdown in breast cancer cell lines of different subtypes. The efficiency of
the siRNA was presented in Figures S3A-S3C. Depletion of AK7/Penhanced viability
consistently in 5 ERa-positive breast cancer cell lines, MCF7, MDA-MB-361, MDA-
MB-175, BT474, and T47D (Figures 1C and S3D). On the contrary, AKT/P depletion had
no effect on the viability of HER2-enriched cell lines (SKBR3 and HCC1954) and basal
cell lines (MDA-MB-231 and MDA-MB-468) (Figure 1C) despite efficient knockdown of
AKTIP. In addition, cell migration and invasion capabilities were enhanced upon AKT/P
loss in MCF7 and MDA-MB-361 (Figure 1D) but not in HER2-enriched or basal cells
(Figures 1D and S3E).

The functional impacts of AKT7/P loss were further examined in MCF7 cells with stable
AKTIPknockdown (Figure S4A). Consistently, increases in viability, long-term clonogenic
growth, migration, and invasion could be observed in these cells compared with empty-
vector-expressing or parental cells (Figures S4B—-S4D). The stable cells were injected
subcutaneously into female nude mice (n = 10). Tumors were collected 6 weeks post-
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injection. The weight and volume of the AKT/P-depleted tumors were both higher than that
of the vector tumors (Figures 1E and S4E).

AKTIP loss leads to increased ERa protein levels in luminal breast cancer cells

We investigated the downstream signaling that is induced in cells with AKT/Ploss. Reverse-
phase protein array (RPPA) was performed using AKT/Psmall interfering RNA (siRNA)-
or mock-transfected MCF7 cells. Proteins with changes in expression levels >20% upon
AKTIPloss are shown in a heatmap (Figure 2A). Surprisingly, in contrast to the previous
reported roles as a binding partner of AKT and an inducer of AKT phosphorylation in
HEK?293 and Jurkat cells,2” knockdown of AK 7/~ had no impact on the phosphorylation of
AKT pathway components including AKT, mTOR, p70S6K, and S6 (Figure 2A). Western
blotting with MCF7 and MDA-MB-361 cells confirmed these results (Figure 2B). Binding
between AKTIP and AKT was not detected by immunoprecipitation experiments, in which
we included a positive control HOOK1, which has been reported to bind AKTIP28 (Figure
S5A). This was also observed in another study, which could not identify an interaction
between AKTIP and AKT.28 Moreover, the lack of effect of AKTIP on AKT signaling was
observed in HER2-overexpressing SKBR3 cells (Figure S5B).

Other remarkable findings are increases in total ERa and phosphorylated ERa (S118)
proteins in AKT/P-depleted MCF7 cells (Figure 2A). S118 is a well-characterized
phosphorylation site in stimulating ERa transcriptional activity.29 These increases were
validated by western blotting in MCF7 and MDA-MB-361 (Figure 2C). In addition to
S118 phosphorylation, we observed increased levels of phosphorylated ERa at S167 and
S104/106, which are the other phosphorylation sites involved in transcriptional activation
of ERa..2% As S118, S167, and S104/106 are phosphorylated by different kinases and

can be phosphorylated independent of each other,30 it is likely that the increased ERa
phosphorylation upon AKT7/Ploss is a result of total ERa protein upregulation. Co-
expression of the AKT/P open reading frame could rescue the increased ERa level caused
by siRNA targeting the 3" UTR of AKT/P, demonstrating the specificity (Figure 2D).
Immunohistochemical staining of xenograft tumors presented in Figure 1E showed that
AKTIP-depleted tumors had higher levels of ERa and cell proliferation marker Ki67
(Figure 2E). The association between AK7/Pand total ERa protein levels was further
examined in ERa-positive breast cancer patient samples (n = 65). Consistently, an inverse
correlation between ERa and AK7/Plevels was observed (r = —0.25; p < 0.05; Figure 2F),
further supporting the upregulation of ERa in AKT7/P-low breast tumors. ERB has been
demonstrated to counteract the proliferative effects driven by ERa.3! We therefore examined
ERB levels upon AK7/Pknockdown. It was found that AK7/P knockdown did not alter
ERB protein levels in the ERa-positive breast cancer cells (Figure 2G).

Protein stability of ERa is enhanced in cells with AKTIP loss

We then attempted to understand the mechanisms underlying the increase in total ERa
protein level observed upon AKT/Ploss. Real-time PCR revealed no significant difference
in ESR1 mRNA levels upon AKT/Pknockdown in MCF7 and MDA-MB-361 cells (Figure
S5C), demonstrating that transcriptional regulation unlikely contributes to the increased
ERa protein level. ERa protein turnover was assessed by cycloheximide chase experiment.
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Strikingly, ERa protein in AKT/P knockdown cells degraded less rapidly compared with
vector control cells (Figure 3A). Increased protein stability of ERa was further supported
by a decrease in ERa poly-ubiquitination after AK7/P knockdown in MCF7 and MDA-
MB-361 cells (Figures 3B and S5D).

AKTIP is a ubiquitin E2 variant (UEV) that contains an inactive E2 ubiquitin-conjugating
domain due to the lack of a catalytic cysteine residue.32 Although UEVs may not bind

to ubiquitin, UEVs characterized previously have demonstrated the ability to indirectly
regulate proteasomal degradation by regulating the expression or the activity of the other
ubiquitin-proteasome pathway members.33:34 Intriguingly, mass-spectrometry-based protein
interactome profiling and STRING analysis®® revealed a network of 23 AKTIP-bound
proteins with potential roles in the post-translation regulation of ERa expression, as
demonstrated in the literature (Figure 3C). siRNA (pool of 4 siRNA per gene) of 7 genes
that are known to inhibit the ubiquitination pathway was transfected into AKT/P-depleted
cells. Depletion of cullin-associated and neddylation-dissociated protein 1 (CAND1), which
was validated to bind AKTIP (Figure S5E), led to a reduction of ERa protein levels in
AKTIP-depleted cells (Figure 3D). The other 6 genes had no effect. AKTIP has been shown
to form complex with the Hook family of coiled-coil proteins (HOOK1, HOOK2, and
HOOK?3) to promote protein trafficking.28 Our data showed that the Hook proteins were
not involved in ERa stabilization by AKTIP (Figure S5F). We confirmed the findings using
individual siRNAs. Consistently, CANDI siRNA reduced ERa protein levels in MCF7 and
MDA-MB-361 cells (Figures 3E and S5G), with an increase in ERa ubiquitination (Figure
3F). siRNA of USP7and FASN, which have been previously shown to regulate ERa.,36:37
had no significant effect on AKT/P loss-induced ERa levels (Figure S5H). These data
suggested that CAND1 mediates ERa. protein stabilization.

CANDL1 physically interacts with the cullin family proteins.38 Cullin serves as a scaffold
of the multiprotein cullin-RING E3 ubiquitin ligase (CRL) complex that mediates covalent
attachment of ubiquitin to substrates.3? It has been suggested that CAND1-bound CRL
is inactive, whereas conjugation of ubiquitin-like protein NEDD8 (neddylation) to cullin
activates CRL.38:4041 |t js noteworthy that NEDD8 has been shown to cause ERa
ubiquitination and degradation.*2 Further, one of the cullin members, cullin 2 (CUL2),
was identified in our AKTIP interactome analysis (Figure 3C). These results together led
us to investigate the possibility that the effect of CAND1 on ERa protein degradation

is manifested through CUL2. First, overexpression of CUL2 or NEDDS abolished the
upregulated ERa protein levels in AK7/P-depleted cells (Figure 3G). Next, the binding
between CUL2 and CAND1 was enhanced in AKT/P-depleted cells (Figure 3H). In
contrast, the binding between CUL2 and ERa. was markedly reduced upon AKT7/Ploss
(Figure 3I). Binding between ERa. and CANDL1 could not be detected, whereas binding
between ERa and a known protein binding partner HSP70%3 was observed in the same
experiment (Figure S5I).

MCF7 cells with AKTIP loss exhibit ERa-responsive gene expression profiles

ERa in the nucleus binds to estrogen response element (ERE) to regulate transcription
of target genes. The transcriptional activity of ERa can be modulated through ERa
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phosphorylation.*4 We therefore investigated whether the increased ERa expression and
phosphorylation is translated to its function as a transcription factor in AK7/P-depleted
cells. A subcellular fractionation experiment revealed that the upregulated total ERa and
ERa pS118 proteins primarily accumulated in the nucleus upon AKT/P loss (Figure 4A).
Luciferase assay using a firefly luciferase reporter linked to three copies of ERE (3X-ERE-
TATA) demonstrated concomitant increase in the transcriptional activity of ERa (Figure
4B).

To examine the transcriptome changes upon AKT7/P depletion, RNA sequencing (RNA-
seq) analysis was performed using AK7/PsiRNA-transfected and mock-transfected cells.
Intriguingly, there were 91 differentially expressed genes (DEGs) upon AKT/Pknockdown
(adjusted p < 5%, fold change > 1.2) in MCF7 cells, whereas only 17 genes were altered

in the ERa-negative SKBR3 cells (Figures 4C and 4D). Remarkably, 89% of the 91 DEGs
identified in MCF7 were defined as estrogen-responsive genes based on the transcriptomic
data in the Signaling Pathways Project*>46 (Figure 4E; Table S2). The DEGs were further
subjected to gene set enrichment analysis,*” which showed significant enrichment in early
and late estrogen response hallmark gene sets (Figure 4F). We validated 12 DEGs with high
or low fold change and documented functional roles in cancers by real-time PCR (Figure
S6A). Notably, the expression levels of classical ERa targets (7FF1, GREB1, CCNDI) were
increased in MCF7 and MDA-MB-361 cells but not in SKBR3 after AK7/P knockdown
(Figures 4G and S6A). Therefore, it is reasonable to speculate that the fewer alterations
observed in the transcriptome of SKBR3 compared with MCF7 upon AKT/P loss was due
to the absence of ERa.. The mMRNA levels of AKT7/Pin MCF7 and MDA-MB-361 cells
were not altered upon p-estradiol stimulation, suggesting that AKT/Pis not a transcriptional
target of ERa and that there is no feedback from ERa to AKTIP (Figure S6B).

SGK3 is a downstream transcriptional target of ERa.#8 and can sustain ERa signaling.4®
Increased SGK3mRNA levels were evident in RNA-seq and real-time PCR validation in
AKTIP-depleted MCF7 and MDA-MB-361 cells (Figure 4G). This upregulation of SGK3
was abolished in the presence of the ERa antagonist fulvestrant (Figure 4H), indicating that
the upregulation was mediated through ERa.. Similarly, loss of AKT/P increased the protein
levels of SGK3 and its phosphorylation at T320 in both MCF7 and MDA-MB-361 cells
(Figure 4l), whereas inhibition of ERa. by fulvestrant or tamoxifen (4-OH-Tam) abrogated
the increases (Figure S6C). Concordant with these findings that SGK3 upregulation is
mediated through ERa, AKT/Ploss had no effect on total SGK3 and phosphorylated

SGK3 proteins in ERa-negative cell lines SKBR3 and MDA-MB-453 (Figure 41). We next
examined whether the upregulation of SGK3 plays a role in sustaining ERa. activation.
siRNA-mediated knockdown of SGK3did not alter the extent of ERa upregulation upon
AKTIPloss (Figure S6D). Together, the above data suggest that while SGK3 is upregulated
through transcriptional activation of ERa, SGK3 does not sustain ERa activation in AK7/P-
depleted cells.

Loss of AKTIP activates JAK2/STAT3 signaling in ERa-positive breast cancer cells

The data have established positive regulation of ERa in AKT7/P-depleted cells; we therefore
examined the consequences of silencing ERa on cell viability. Results showed that
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the viability of cells with £SR1 knockdown was inhibited compared with that of mock-
transfected cells (Figure 5A). Yet, cells with AK7/Ploss still exhibited stronger viability
than vector control cells in spite of the comparable knockdown efficiency (Figure 5A). This
observation implicated the presence of an additional survival signal that the cells can rely on
despite ERa signaling being inhibited.

Interestingly, RPPA data revealed an increase in JAK2 level upon AKT7/Ploss in MCF7
cells (Figure 2A). We validated this change by western blotting and explored the potential
effects of AKT/Ploss on the activation of JAK2 and its downstream molecule STAT3.
Phosphorylated STAT3 at Y705 and phosphorylated JAK2 at Y1007/1008 were enhanced

in two AKT/P-depleted ERa-positive cell lines MCF7 and MDA-MB-361 (Figure 5B),
demonstrating an activation of the JAK2/STAT3 signaling pathway. There was no significant
change in the levels of total STAT3 or JAK2. The activation of JAK2/STATS3 signaling

was specific to ERa-positive breast cancer cells because knockdown of AKT/Phad no
significant impact on the pathway in the ERa-negative SKBR3 and MDA-MB-453 (Figure
5B).

The potential crosstalk between the activated ERa and JAK2/STATS3 signaling cascades was
assessed. The increases in phosphorylated STAT3 and JAK2 levels upon AKT/Ploss were
not altered by the ERa antagonists (fulvestrant and 4-OH-Tam) (Figure 5C) or knockdown
of SGK3 (Figure 5D). STAT3 inhibition either by treatment with JAK2 inhibitor AZD1480,
STAT3siRNA, or STAT3 inhibitor BB1608 in AK7/P-depleted cells did not attenuate the
activation of ERa and SGK3 (Figures 5E and 5F). These data indicate that ERa and JAK2/
STAT3 signaling are activated independently upon AK7/Ploss.

AKTIP loss renders cells resistant to ERa antagonists and JAK2 inhibition overcomes the

resistance

We investigated the drug responses of AK7/P-depleted cells toward ERa or JAK2/STAT3
inhibition. AKT/P-depleted MCF7 or MDA-MB-361 cells were more resistant to fulvestrant
or 4-OH-Tam compared with vector control cells (Figures 6A and S7A). The efficiency of
fulvestrant in downregulating ERa protein was validated by western blotting (Figure 6A,
right panel). Interestingly, among the group of patients with ERa-positive breast cancer
who received adjuvant tamoxifen therapy, patients with low AK7/P mRNA levels had

a higher risk of developing recurrence, further supporting that AK7/P-low tumors may

be endocrine resistant (Figure 6B). AKT/P-depleted MCF7 or MDA-MB-361 cells also
displayed resistance toward JAK?2 inhibition when cells were treated with AZD1480 alone
(Figures 6C and S7A). The resistance to ERa antagonists or JAK2 inhibitor might be
explained by the notion that AK7/P-depleted cells are driven by these two independent
signaling pathways and that single pathway inhibition is insufficient to cause cell death.

We thus examined whether inhibition of JAK2 could modulate the response of AKT/P-
depleted cells to ERa antagonists. Remarkably, the addition of a fixed concentration of
JAKZ2 inhibitor AZD1480 increased the sensitivity of AK7/P-depleted MCF7 or MDA-
MB-361 cells to fulvestrant or 4-OH-Tam (Figures 6D and S7B), demonstrating that JAK2/
STAT3 inhibition can resensitize AKT/P-depleted cells to ERa inhibition. AZD1480 had
no effect on the dose-response curve of fulvestrant or 4-OH-Tam in vector control or
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mock-transfected cells (Figures 6D and S7B). Similar observations were obtained when cells
were treated with STAT3 inhibitor C188-9 (Figures 6E and S7C).

In mice bearing AKT/P-depleted MCF7 tumor cells, we showed that AZD1480 and 4-
OH-TAM combination resulted in marked suppression of tumor growth, whereas single
treatment with either inhibitor did not have any pronounced effect (Figure 7A). We further
extended our observations using human ERa-positive breast cancer organoid models.
Consistent with the observations in cell lines, we verified that AKT/Ploss led to increased
ERa protein level and cell viability (Figures 7B and 7C). Strikingly, we also found that the
organoids were more resistant to 4-OH-Tam upon AK7/P depletion and that JAK2 inhibitor
AZD1480 or STAT3 inhibitor BB1608 resensitized the cells to 4-OH-Tam (Figure 7D).

DISCUSSION

The AKTIPgene is aberrated in multiple cancer types from TCGA.30 AKT/P deletion
(heterozygous and homozygous) is predominant over amplification and is most frequent
in ovarian and breast cancers, whereas endometrial and stomach cancers are the cancer
lineages with the most frequent AK7/P small-nucleotide mutations. Available data so far
have demonstrated both oncogenic and tumor-suppressive properties of AKT7/P depending
on the cell types. We have previously reported that AKT7/P inhibited the viability of

an interleukin-3-dependent non-tumorigenic cell line and endometrial cancer cell lines.>!
In contrast, AKT/P appears to be an oncogene in cervical cancer. AKT/P expression
enhanced cell migration, and AKT/P knockdown led to cell-cycle arrest and apoptosis.>2:23
Interestingly, copy-number alteration of AK7/P does not correlate with its oncogenic role
in cervical cancer, which has more frequent copy-number loss than copy-number gain.
The other reported regulatory mechanisms of AKT/Pexpression include transcriptional
regulation by p53 or post-transcriptional regulation by miRNA.54.55

ERa can be mono-ubiquitinated or poly-ubiquitinated. ERa mono-ubiquitination, for
example by E3 ubiquitin ligases RNF31 and RNF8, promotes ERa stabilization.56:57 ERa
poly-ubiquitination triggers proteasomal degradation and can be mediated by different RING
E3 ligases (CHIP, Mdm2, BRCA1, Skp2),%8-61 HECT E3 ligase E6AP,52 and atypical

E3 ligase Hbo1.63 The multi-unit CRL is composed of cullin (as scaffold), RING finger
protein RBX1/2 (for binding to E2 ubiquitin-conjugating enzyme), and a specific set of
substrate receptors that recognize the ubiquitination target.3%64 CAND1 has been shown to
cause dissociation of substrate receptor from cullin and inhibit CRL activity.38:40.65 |_ater
studies also showed that CAND1 controls the composition of substrate receptor subunits

in CRL.%6.67 Among the 8 cullin protein members, CUL3-RING ligase with the substrate
adaptor SPOP and CUL7 coupled with substrate adaptor Skp2 have been reported to mediate
ERa poly-ubiquitination.61.68 In this study, we demonstrated a role of CUL2 in ERa
regulation. The reduced ERa ubiquitination in AK7/P-depleted cells could be due to (1)
decreased binding of ERa to CUL2 and (2) inhibited CUL2 activity by enhanced CAND1-
CUL2 binding (Figure 7E). The mechanism underpinning these altered protein interactions
remains to be elucidated.
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AKTIP may contribute to different steps along the protein degradation pathway through
participating in different protein complexes. In addition to a potential role in regulating

E3 ligase as demonstrated in this study, accumulating evidence has indicated that AKTIP

is involved in endosomal trafficking, during which ubiquitinated cargos are sorted into the
endolysosomal pathway. AKTIP is part of a HOOK protein-containing protein complex that
interacts with the homotypic vesicular protein sorting (HOPS) complex.28 AKTIP promotes
late endosome/lysosome clustering and fusion mediated by HOPS.28:69 The regulation of
ERa by AKTIP is probably not mediated through this complex because silencing the HOOK
proteins had no effect on the regulation. It has also been shown that the UEV domain

of AKTIP binds to a functional complex in vesicle biogenesis called endosomal sorting
complex required for transport (ESCRT).%.71 The functional role of the UEV domain in
post-translational regulation of proteins warrants further investigation.

JAK2/STAT3 signaling promotes cell proliferation and progression of ERa.-positive or
ERa-negativebreastcancer.”2~"4Crosstalk between STAT3 and ERa signaling is context
dependent. While B-estradiol inhibited interleukin-6-induced STAT3 activity,’>76 ERa
enhanced STAT3 activity under leptin stimulation.”” Similarly, negative and positive
regulation of ERa signaling by JAK2 has been demonstrated.”879 Our data suggested

the activation of JAK2/STAT3 signaling as an alternative ERa-independent pathway for
AKTIP-depleted cells to escape ERa inhibition. Similar to our observations, a previous
study has reported JAK2/STAT3 activation in tamoxifen-resistant MCF7 cells.& Inhibition
of JAK2/STAT3 by chemical inhibitor or gene silencing increased tamoxifen sensitivity.80 A
recent phase Il study of a JAK1/2 inhibitor (ruxolitinib) combined with a steroidal aromatase
inhibitor (Al) in patients with non-steroidal-Al-resistant ERa+ breast cancer showed that
24% of the treated patients (6/25) achieved stable disease.8! The incorporation of predictive
biomarkers may further increase treatment efficacy.

In summary, our results have revealed the prognostic and therapeutic values of AK7T/Ploss
in ERa-positive breast cancer. Copy-number loss of AK7/P may serve as a biomarker for
predicting endocrine resistance and sensitivity toward treatment regimens co-targeting ERa
and JAK2/STAT3 signaling.

Limitations of the study

Our proposal that AKT/P depletion leads to reduced activity of CUL2-containing ligase
through altered binding to CAND1 needs to be validated. Future studies are warranted

to better understand the binding between AKTIP, CANDZ, and CUL2 as well as the
functional impact of such binding. So far, reported data on the regulation of CAND1-cullin
binding are conflicting. Neddylation of cullin or expression of substrate receptor led to
dissociation of cullin from CAND1 in HeLa or HEK293T cells.#0:82 However, in another
study, inhibiting neddylation or knockdown of substrate receptor did not increase CAND1
binding to cullin in HEK293.83 Regardless, we did not observe any significant change in the
levels of neddylated CUL2 in AKT/P-depleted cells (Figure 3G). Therefore, the enhanced
CAND1-CUL2 interaction in the cells is unlikely to involve the neddylation-associated
mechanism. Second, the mechanism of JAK2 activation in AKT/P-depleted cells remains
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to be elucidated. A fuller understanding of the activation mechanism may yield additional
insights into endocrine resistance.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Lydia W.T. Cheung (lydiacwt@hku.hk).

Materials availability—Plasmid generated in this study is available from the lead contact
upon request.

Data and code availability

. The RNA-seq data have been deposited to the Gene Expression Omnibus (GEO).
The IP-MS data have been deposited to the ProteomeXchange Consortium via
the PRIDE. Accession numbers are listed in the key resources table.

. This paper analyzes existing, publicly available data. The TCGA breast
cancer dataset was downloaded from the Broad GDAC Firehose (http://
gdac.broadinstitute.org/). The METABRIC dataset was downloaded from
cBioPortal (https://www.cbioportal.org/study/summary?id=brca_metabric).

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—MCF7, MDA-MB-361, MDA-MB-175, BT474, T47D, MDA-MB-453,
SKBR3, MDA-MB-231, HCC1954 and MDA-MB-468 were obtained from American Type
Culture Collection (Manassas, VA). Cells were maintained in RPM11640 (Gibco, Carlsbad,
CA) supplemented with 8% fetal bovine serum (FBS; Gibco),100 units/mL penicillin and
100 pg/mL streptomycin (Gibco) in a humidified environment at 37°C with constant supply
of 5% CO,. All cell lines were tested for mycoplasma contamination and validated by short
tandem repeat profiling.

Organoid—Human breast cancer organoid PDM-195 (HCM-CSHL-0366-C50) was
obtained from American Type Culture Collection. According to the data provided in

the Human Cancer Models Initiative Searchable Catalog, this model is a primary tumor

that is ERa-positive, PR-negative and HER2-negative as assessed by IHC. The organoid
was maintained in polymerized droplets of Cultrex reduced growth factor basement
membrane extract (BME) (type 2, Pathclear) (R&D systems, Minneapolis, MN) in advanced
DMEM/F12 (Thermo Fisher Scientific, Waltham, MA) supplemented with B-27 supplement
(Thermo Fisher Scientific), 2 nM L-glutamine (Thermo Fisher Scientific), 10 mM
Nicotinamide (Sigma-Aldrich, St. Louis, MO), 1.25 mM N-acetylcysteine (Sigma-Aldrich),
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100ng/mL Noggin (PeproTech, Rocky Hill, NJ), 5 ng/mL EGF (PeproTech), 20 ng/mL
FGF-10 (PeproTech), 5 ng/mL FGF-7 (PeproTech), 5 nM Neuregulin-1 (PeproTech), 500
nM A83-01 (PeproTech), 250 ng/mL R-spondin-1 (PeproTech), 10 mM HEPES (Thermo
Fisher Scientific), 1 uM SB202190 (LC Laboratories, Woburn, MA), 100 units/mL penicillin
and 0.1 mg/mL streptomycin (Gibco). For passaging, collected organoids were dissociated
using TrypLE Express (Thermo Fisher Scientific), pelleted and resuspended in ice-cold
BME. BME-cell suspension in form of 10 pL droplets were allowed to solidify as domes

on a prewarmed culture plate at 37°C before adding complete advanced DMEM/F12 culture
medium supplemented with 10 UM ROCK inhibitor Y-27632 (LC Laboratories) for cell
recovery. Organoids were grown for 10 to 14 days under a humidified atmosphere of 5%
CO», at 37°C. Change of complete culture medium was performed every other day.

Xenograft—All animal procedures were approved by the Committee on the Use of Live
Animals in Teaching and Research at the University of Hong Kong. Experiments were
performed according to ethical regulations. Female BALB/cAnN-nu (nude) mice were
obtained from the Charles River Lab (Stone Ridge, NY) and kept in the animal facility
with a 12-hr light-dark cycle and ad /ibitum access to food and water. Six-week-old mice
were used in this study.

METHOD DETAILS

siRNAs, plasmids and transfection—ON-TARGETplus siRNA targeting human
AKTIP, SGK3and STAT3as well as SMARTpool ON-TARGETplus siRNA targeting 10
AKTIP-bound proteins were purchased from Dharmacon (Lafayette, CO). ESR1, CAND],
FASN and USP7siRNA were obtained from Integrated DNA Technologies (Coraville,
IA). The siRNA sequences are listed in Table S3. Lipofectamine RNAIMAX (Invitrogen,
Carlsbad, CA) was used to transfect SiRNA at 10 nM. shRNA against AK7/Pin pLKO.1-
Puro lentiviral vector was developed by The RNAi Consortium (TRC).8” pcDNA3-myc3-
CUL2 and pcDNA3-myc3-NEDD8 were gifts from Yue Xiong (Addgene plasmid #
19892 and # 19943).84.85 Transfection of plasmids was performed using Lipofectamine
3000 (Invitrogen). MCF7 cells stably expressing AK7/PshRNA or vector control were
established by lentiviral transduction followed by puromycin selection.

Cell viability assay—siRNA-transfected or stable cells were seeded into 96-well plates in
triplicate at the density of 1,000 cells per well. At indicated time points, cells were incubated
with 0.2 mg/mL resazurin (Sigma-Aldrich) for 4 hrs prior to measurement of absorbance at
600 nm.

Migration and invasion assays—siRNA-transfected or stable cells were suspended in
serum-free medium and seeded into the upper chamber of cell culture inserts of 8 um

pore size (Millipore, Billerica, MA) with or without 1 mg/mL Matrigel coating (Corning,
Glendale, AZ) for invasion and migration assays respectively. Cells were allowed to invade
or migrate towards the lower chambers filled with medium containing 10% FBS for 16 hrs
prior to fixing with methanol and staining with crystal violet. Cells remaining in the upper
chamber were removed by cotton swab. The number of stained cells from five randomly
captured fields (200x, 100x or 20x) of each insert was counted.

Cell Rep. Author manuscript; available in PMC 2023 January 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ng et al.

Page 13

In vivo tumorigenic assay—All animal procedures were approved by the Committee
on the Use of Live Animals in Teaching and Research at the University of Hong Kong.
MCF7 cells (5x106) stably expressing AK7/PshRNA or vector were suspended in PBS and
mixed with Matrigel in a 1:1 ratio prior to subcutaneous implantation into the 6-week-old
female athymic nude mice (n = 10 per group) (Charles River Lab, Stone Ridge, NY).

Two pg of 17p-estradiol valerate (APEXBIO, Houston, TX) in sesame oil (Santa Cruz
Biotechnology, Dallas, TX) were subcutaneously injected into the mice 1 week before
tumor cell injection and every 4 days throughout the experiment. Tumor-bearing mice were
sacrificed after 6 weeks. Tumor nodules collected were weighted and measured. Tumor
nodules were subsequently fixed and subjected to immunohistochemistry. For drug treatment
experiments, tumors were allowed to grow subcutaneously for 4 weeks before treatment
started. Mice (n = 5 per group) were treated with vehicles, tamoxifen (10 mg/kg in corn

oil, once every 2 days, subcutaneously) and AZD1480 (20 mg/kg in 0.1% Tween 80/0.5%
hydroxylpropyl-methylcellulose, daily, orally) for 3 weeks. Estradiol valerate was injected
subcutaneously into these mice throughout the experiments until sacrifice.

Drug sensitivity assay—MCF7 cells stably expressing AK7/PshRNA or vector were
seeded into 96-well plates in triplicate at the density of 1,000 cells per well 24 hrs

before the addition of indicated pharmacological inhibitors. Fulvestrant and the JAK2
inhibitor AZD1480 were obtained from Selleckchem (Houston, TX) whereas 4-OH-Tam
was obtained from APEXBIO. Cells were treated with the inhibitors at serially diluted
concentrations for indicated amount of time. DMSO was used as control. Cell viability was
measured using resazurin.

Western blotting—For western blotting, cells were lysed in RIPA buffer (25 mM Tris
pH 7.4, 150 mM NacCl, 0.1% SDS, 1% NP-40, 1% sodium deoxy-cholate) containing
protease and phosphatase inhibitors (Thermo Fisher Scientific). Equal amounts of proteins
were separated by SDS-polyacrylamide gel electrophoresis and subsequently transferred
onto PVDF membranes (GE Healthcare Life Sciences, Little Chalfont, UK). Membranes
were then incubated with indicated primary antibodies overnight at 4°C and corresponding
horseradish peroxidase (HRP)-linked secondary antibodies. Signal was detected using a
chemiluminescence detection kit (Bio-Rad, Hercules, CA). Band intensities were quantified
by densitometry using ImageJ.88 Antibodies used in this study are listed in Table S4.

Subcellular fractionation—Cytosolic and nuclear fractions were isolated from cell
lysates by the Minute Cytoplasmic & Nuclear Extraction Kits for Cells (Invent
Biotechnologies, Plymouth, MN). Briefly, cells were first lysed in the Cytoplasmic
Extraction Buffer. The cytosolic fraction was obtained from the supernatant after vortex
and centrifugation. The remaining pellet was resuspended in the Nuclear Extraction Buffer
to extract the nuclear fraction.

Immunoprecipitation—Cells were lysed in IP lysis buffer (50 mM Tris, 150 mM NacCl,
0.5% NP-40, 5 mM EDTA) supplemented with protease and phosphatase inhibitors. After
the lysates (1 mg) were incubated with indicated antibodies (or 1gG as negative control)
overnight at 4°C, the immunocomplex was pulled down by incubation with Protein A/G
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PLUS-Agarose beads (Santa Cruz Biotechnology) for 4 hrs at 4°C. The beads were then
washed with IP lysis buffer before the immunoprecipitated proteins were eluted from the
beads using 2xLaemmli sample buffer (62.5 mM Tris-HCI pH 6.8, 25% glycerol, 2% SDS,
0.01% bromophenol blue and 5% p-mercaptoethanol).

Reverse phase protein array (RPPA)—RPPA was conducted as previously described
by the Functional Proteomics RPPA Core Facility of the University of Texas MD Anderson
Cancer Center (Houston, TX).93 Briefly, cell lysates (2 biological replicates per condition) at
the concentration of 1.5 pg/uL were denatured in 4xSDS buffer and serially diluted lysates
were printed onto nitrocellulose-coated slides. The slides were then incubated with primary
antibodies prior to signal visualization by HRP and DAB colorimetric reaction. After signal
intensities were quantified, “SuperCurve Fitting” was used to determine the relative protein
levels through a logistic regression model.8% Data were then normalized using bidirectional
median centering across samples and antibodies to account for protein loading differences.

Immunoprecipitation-mass spectrometry (MS)—Cell lysates of MCF7 cells
overexpressing HA-tagged AKT/Pwere subjected to immunoprecipitation using anti-HA
antibody or 1gG control to pull down AK7/Pbinding proteins. The eluted proteins were
loaded in 8% SDS-PAGE gel and stained with Coomassie blue. Protein sample preparation,
liquid chromatography tandem MS (LC-MS/MS) and data analysis were performed at the
Proteomics and Metabolomics Core, Centre for PanorOmic Sciences, University of Hong
Kong. Gel slices were subjected to reduction by 10 mM TCEP (Thermo Fisher Scientific),
alkylation by 55 mM 2-chloroacetamide (Sigma) and protein digestion by trypsin (1 ng/uL;
overnight at 37°C). Tryptic peptides were sequentially extracted from the gel with 50%
Acetonitrile (ACN; J.T. Baker)/5% formic acid (Thermo Fisher Scientific) and 100% ACN
and were desalted using C18 StageTips. Eluted peptides were analyzed with nanoelute
UHPLC coupled to Bruker timsTOF pro mass spectrometer. Raw mass spectrometry data
were processed using MaxQuant 1.6.14.0% and were searched against the Human UniProt
FASTA database (Apr 2020; 74,824 entries). Proteins with at least one unique peptide
detected in sample immunoprecipitated with anti-HA antibody but were absent in sample
immunoprecipitated with 1gG control were considered as AKTIP-interacting proteins.

RNA-sequencing (RNA-seq)—Total RNA from cells (2 biological replicates per
condition) were extracted using TRIzol reagent (Invitrogen). RNA-seq and subsequent
data processing were performed at the Genomics and Bioinformatics Cores, Centre for
PanorOmic Sciences, University of Hong Kong. The libraries were prepared using the
KAPA Stranded mRNA-Seq Kit (Roche, Pleasanton, CA). Sequencing was performed on
the Illumina NovaSeq 6000 system. Raw reads were processed according to the following
pipeline: sequencing reads were first filtered for adapter sequence, low quality sequence
and rRNA sequence. Reads with read length =40 bp retained were aligned to the human
genome GRCh38 using STAR version 2.5.2.91 Differentially expressed genes (DEGs) were
identified using DESeq2 version 1.26.0.92 DEGs with adjusted p-value < 5% and fold
change>1.2 were subjected to Gene ontology (GO) enrichment analysis using Metascape.94
Gene expression data were subjected to Gene Set Enrichment Analysis (GSEA) on the
hallmark gene sets using GSEA version 4.0.3.47

Cell Rep. Author manuscript; available in PMC 2023 January 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ng et al.

Page 15

Real-time PCR—Two g of total RNA isolated using TRIzol reagent were reverse
transcribed to cDNA using the HiScript Il 1st Strand cDNA Synthesis Kit (Vazyme,
Nanjing, China). Real-time PCR was performed using ChamQ SYBR Color gPCR Master
Mix (Vazyme) on the CFX96 Touch Real-Time PCR Detection System (Bio-Rad). The
relative mRNA level was determined using the delta-delta Ct method with GAPDH as the
internal control. Sequences of the primers used are shown in Table S5.

Luciferase assay—The 3X-ERE-TATA Firefly luciferase reporter construct (3X-ERE-
TATA-luc) was a gift from Donald McDonnell (Addgene plasmid #11354).86 MCF7 cells
were cultured in phenol red-free medium with 8% charcoal stripped FBS (Gibco) for 4 days
prior to transfection with AKT/PsiRNA for 48 hrs. Cells were then co-transfected with
3X-ERE-TATA-luc or pGL2 vector with pRL-TK Renilla luciferase using Lipofectamine
3000. After 24 hrs, lysates were harvested and luciferase activities were measured by the
Dual-Luciferase® Reporter Assay System (Promega, Madison, WI).

Immunohistochemistry—Human breast tumor tissue array (BC081116d) with known
ERa status was obtained from US Biomax (Derwood, MD). The sections were
deparaffinized and rehydrated through graded ethanol. Antigen retrieval was performed
using citrate buffer pH 6.0 prior to incubation with 3% H,0» to reduce endogenous
peroxidase activity and blocking with goat serum. The slides were then incubated

with anti-AKTIP or anti-ERa antibody overnight at 4°C followed by biotin-conjugated
secondary antibody (Dako, Carpinteria, CA) incubation at room temperature for 1 hr.
3,3’-diaminobenzidine (DAB, Amresco, Solon, OH) was used to detect signal from HRP.
Histoscores on an arbitrary scale: 0, no immunoreactivity; 1, weak; 2, moderate; 3, intense;
and 4, very intense were used to represent protein expression of AKTIP whereas histoscores
of 0, no immunoreactivity; 1, weak; 2, moderate; 3, intense were used to represent protein
expression of ERa. Our ERa staining scores are completely concordant with the reported
ERa intensity provided by the company.

Organoid transfection and cell viability assay—Transfection of siRNA at final
concentration of 20 nM was carried out using Lipofectamine RNAIMAX (Invitrogen).
Organoids were dissociated to single cells and resuspended in complete advanced
DMEM/F12 culture medium. Organoid cell suspension was then mixed with transfection
complex by gentle pipetting and incubated at 37°C in 5% CO, overnight. The next day,
transfected organoids were collected, resuspended in BME, plated onto culture plates and
maintained as described until harvest. Y-27632 was included in culture medium for first two
days of culture to promote cell recovery. For Western blot analysis, intact organoids were
harvested from domes using Cultrex Organoid Harvesting Solution (R&D systems). For cell
viability assay, BME-cell suspension was seeded onto 48-well plate at a density of 2,000
cells per 10 uL BME dome for each well. For drug sensitivity assay, transfected organoids
were allowed to grow for 6 days after cell seeding prior to drug or vehicle treatment for
another 5 days. To determine organoid viability, CellTiter-Glo® 3D cell viability assay
(Promega) was performed according to manufacturer’s protocols.
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Immunofluorescence staining of organoids—Nine days after siRNA transfection,
organoids in domes were treated with 4% paraformaldehyde for 30 min on ice for fixation
and harvesting. Collected organoids were washed in PBS prior to resuspension in 0.2%
Triton X-100 in PBS for permeabilization for 30 min and then 3% BSA in PBS to block
non-specific binding. Then, the organoids were incubated in antibody buffer (2% BSA in
PBS) with primary antibodies overnight. After incubation with secondary antibodies for 3
hrs in dark, organoids in suspension were washed and resuspended in 50 L PBS. Organoid
suspension was then transferred onto glass slide evenly. After organoids were settled, excess
PBS was aspirated without disturbing the samples. Slides were mounted with coverslip

in the mounting medium containing DAPI. Images were captured with UltraVIEW VoX
spinning disc confocal microscope (PerkinElmer, Waltham, MA).

Patient survival analysis—Kaplan—Meier (KM) survival analysis was performed using
KM Plotter online database (https://kmplot.com/) 25 or data obtained from METABRIC.26
Patients were dichotomized as high or low AK7/P mRNA levels (detected by probe

223894 _s_at). The TCGA breast cancer dataset was downloaded from the Broad GDAC
Firehose (http://gdac.broadinstitute.org/). AKT/P copy number was used for stratification of
these samples. Statistical significance between groups was evaluated using logrank test.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were performed three times except omics profiling (two biological
replicates performed in one experiment) and immunohistochemical staining of patient tumor
tissues (65 unique tissues stained once in one experiment). Data were expressed as means +
SD and analyzed by Student’s #test or ANOVA (unless otherwise specified) using GraphPad
Prism. All p-values were two-sided and p < 0.05 was considered significant. Statistical
details of individual experiments are indicated in the figures and corresponding figure
legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AKTIP loss selectively promotes tumorigenesis of ERa-positive breast cancer
cells

AKTIPloss leads to ERa protein stabilization and JAK2/STAT3 activation

Cullin 2-mediated ERa degradation is inhibited in AK7/P-depleted cells via
CAND1

AKTIPloss-induced endocrine resistance can be overcome by inhibiting
JAK2/STAT3
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Figure 1. AKTIP loss promotes tumorigenic phenotypes selectively in luminal breast cancer cells
(A) AKTIPmRNA levels between matched normal breast tissues and tumor samples of all

subtypes (n = 111 pairs) or luminal subtype only (n = 84 pairs) in TCGA cohort. p values of
Wilcoxon signed rank test are shown.

(B) Relapse-free survival of patients with ERa-, progesterone receptor (PR)-, and HER2-
positive (top) and ERa-, PR-, and HER2-negative (bottom) breast cancer with a lower
tertile of AKT/PmRNA level as cutoff. The analysis was generated by KM plotter using
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expression data obtained from Gene Expression Omnibus datasets. Hazard ratio (HR), 95%
confidence interval, and log rank p values are shown.

(C and D) Cells were transfected with AKT/PsiRNA for 24 h before seeding into 96-well
plate or culture insert.

(C) Cell viability of ERa-positive MCF7 and MDA-MB-361 cells (left), HER2-enriched
SKBR3 and HCC1954 cells (middle), and basal-like MDA-MB-231 and MDA-MB-468
cells (right) was measured over 7 days. Day 0 was the day of cell seeding. Data show

mean + SD of triplicates and one representative of three independent experiments. **p <
0.01; ***p < 0.001; ns, no significant difference by two-way ANOVA with Sidak’s multiple
comparison test.

(D) Cells were allowed to migrate or invade for 16 h. Mean numbers (top) and representative
images (bottom) of migrated or invaded MCF7, MDA-MB-361, SKBR3, or HCC1954 cells
of five fields at a magnification of 100x (MCF7 and HCC1954), 200x (MDA-MB-361),

or 20x (SKBR3) are shown. Scale bar, 200 um. Data shown are one of three independent
experiments.

(E) MCF7 cells stably expressing AKT/PshRNA or vector were subcutaneously injected
into nude mice (n = 10) for 6 weeks. Image of tumor nodules extracted (left) and tumor
weight and volume (right) are shown. Data are presented as mean £+ SD. *p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001; ns, no significant difference compared with mock or
vector using t test.
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Figure 2. ERa protein levels are increased in AKTIP-depleted luminal breast cancer cells
(A) Lysates of MCF7 cells transfected with AKT/PsiRNA or mock for 72 h were harvested

for reverse-phase protein array. The heatmap shows proteins with >20% change in levels in
AKTIP-depleted cells normalized to mock-transfected cells.

(B and C) Lysates of MCF7 cells stably expressing AKT/P shRNA and MDA-MB-361 cells
transfected with AKT/PsiRNA for 72 h were subjected to western blotting for proteins of
the (B) AKT and (C) ERa pathways. ERK2 was loading control.
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(D) Cells were transfected with siRNA targeting the 3" UTR of AKT/P. Eight h later,
lentivirus for AKT/P overexpression (OX) was added to the culture for another 72 h prior to
protein harvest for western blotting. ERK2 was loading control.

(E) Representative immunohistochemical images of AK7/P-depleted and vector xenograft
tumor sections stained with anti-AKT/P, anti-ERa., or anti-Ki67 antibody. Scale bar, 100
pm.

(F) Human breast tumor tissue samples were subjected to immunohistochemical staining
using anti-AK7/P or anti-ERa. antibody. Top, representative immunohistochemical images.
The boxes depict magnified areas. Scale bar, 200 um. Bottom, heatmap illustrating the
correlation between ERa and AKT/P staining intensities. p value of Pearson correlation
analysis is shown.

(G) Lysates of MCF7 cells stably expressing AK7/PshRNA and MDA-MB-361 cells
transfected with AKT/PsiRNA for 72 h were subjected to western blotting for ERp levels.
The western blots shown are representatives of three independent experiments.
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Figure 3. Protein stability of ERa is enhanced in cells with AKTIP loss through CAND1
(A) MCFT cells stably expressing AKT/PshRNA or vector were treated with 10 pg/mL

cycloheximide (CHX) for the indicated hours before being subjected to western blotting.
ERK2 was loading control. The graph shows band intensities quantified by densitometry

in ImageJ and normalized to that at 0 h (n = 3). *p < 0.05 using two-way ANOVA for
comparison between groups with Sidak’s multiple comparison test.

(B) Lysates of AKT/P-depleted or vector control cells were subjected to
immunoprecipitation (IP) with anti-ERa antibody before western blotting (immunoblotting
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[1B]). ERa protein levels were normalized prior to IP by using proportionally different
amounts of lysates. IP with normal immunoglobulin G (IgG) was control.

(C) AKTIP-bound proteins pulled down in MCF7 cells were identified by mass
spectrometry. Protein interaction network of the protein partners was generated by STRING.
ERa, which was not pulled down in the IP, was included in the STRING analysis to

reveal proteins that potentially interact with ERa. Only proteins in the ubiquitin/proteasome
degradation pathway are shown in the network map. Red dots: hits known to inhibit protein
ubiquitination. Line thickness reflects the degree of confidence of the interaction.

(D-G) MCF7 cells stably expressing AK7/P shRNA or vector were transfected with (D) a
pool of 4 siRNA of each gene indicated, (E and F) individual siRNA of CANDI, or (G) OX
plasmid of CUL2or NEDDE&for 72 h. Protein lysates were harvested for western blotting or
IP.

(H) Lysates of AKT/P-depleted or vector control cells were subjected to IP with anti-CUL2
antibody (top) or anti-CAND1 antibody (bottom) using equal amounts of lysates.

(I) Lysates of AKT/P-depleted or vector control cells were subjected to IP with anti-ERa
antibody using proportionally different amounts of lysates for equal ERa levels (top) or
anti-CUL2 antibody using equal amounts of lysates (bottom). IP with 1gG was control. Input
was lysate without the IP procedure. Relative densitometric values (after normalization with
the immunoprecipitated proteins) are provided below the blots. *p < 0.05; ***p < 0.001; ns,
no significant difference compared with mock using t test (n = 3). The western blots shown
are representatives of three independent experiments.
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Figure 4. MCF7 cells with AKTIP loss exhibit ERa-responsive gene expression profiles
(A) Lysates of MCF7 cells stably expressing AK7/PshRNA or vector were harvested for

subcellular fractionation before western blotting. GAPDH and lamin A/C are markers for the
cytosolic and nuclear fractions, respectively.
(B) MCF7 cells were transfected with AK7/PsiRNA for 48 h prior to co-transfection of
pRL-TK Renilla luciferase plasmids and 3x-ERE-TATA firefly luciferase or pGL2-Basic
(vector backbone without 3x-ERE-TATA) plasmids. Cells were treated with or without
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10 nM estradiol (E2) for 24 h. Dual-luciferase reporter assay was performed, and the
normalized firefly/Renilla luciferase activities are presented.

(C) Wolcano plots showing the distribution of DEGs (adjusted p < 5%, fold change >

1.2) identified from the RNA-seq analysis of MCF7 (left) and SKBR3 (right) cellsupon
AKTIPloss (n = 2). Upregulated and downregulated DEGs are labeled in red and green,
respectively. Labeled genes are DEGs validated by real-time PCR.

(D) Venn diagram showing the overlap of DEGs between MCF7 and SKBR3 upon AKTIP
knockdown.

(E) Diagram showing the percentage of estrogen-responsive genes among the 91 DEGs
identified in MCF7 upon AKT/Pknockdown.

(F) GSEA analysis of hallmark gene sets representing early and late estrogen response
using ranked gene expression changes in AKT/P siRNA-transfected cells compared with
mock-transfected cells. Normalized enrichment score (NES), p value, and FDR are shown.
(G) Total RNA of MCF7 and MDA-MB-361 cells transfected with AK7/PsiRNA for 72 h
was harvested for real-time PCR. GAPDH was internal control.

(H) MCF7 cells stably expressing AK7/PshRNA or vector were treated with 10 nM
fulvestrant for 48 h before total RNA was harvested for real-time PCR.

(I) Lysates of MCF7 cells stably expressing AKT/PshRNA, MDA-MB-361, SKBR3, and
MDA-MB-453 cells transfected with AKT/PsiRNA for 72 h were subjected to western
blotting. ERK2 was loading control. Data are presented as mean + SD. *p < 0.05; **p

< 0.01; ***p < 0.001; ****p < 0.0001; ns, no significant difference using ordinary one-
way ANOVA for analysis within group and two-way ANOVA for comparison between
groups with Sidak’s multiple comparison test. Bar graphs are mean + SD of triplicates
and one representative of three independent experiments. The western blots shown are
representatives of three independent experiments.
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Figure 5. Loss of AKTIP activates JAK2/STAT3 signaling in ERa-positive breast cancer cells
(A) MCEFT cells stably expressing AK7/PshRNA or vector were transfected with ESR1

SiRNA for 24 h before cells were seeded for cell viability assay, which was measured over
7 days (top), or lysates were harvested for western blotting 8 days after SiRNA transfection
(bottom). ERK2 was loading control. Day 0 was the day of cell seeding. Bar graphs are
mean + SD of triplicates and one representative of three independent experiments.
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(B) Lysates of MCF7 cells stably expressing AK7/PshRNA, MDA-MB-361, SKBR3, and
MDA-MB-453 cells transfected with AKT7/PsiRNA for 72 h were subjected to western
blotting.

(C-F) MCF7 stable cells were (C) treated with 10 nM fulvestrant or 1 pM 4-
hydroxytamoxifen (4-OH-Tam) for 48 h; (D) SGK3siRNA for 72 h; (E) 2 uM AZD1480 for
24 h or STAT3siRNA for 72 h; or (F) 0.5 uM BBI608 for 2 h before lysates were harvested
for western blotting. *p < 0.05; ***p < 0.001; ns, no significant difference compared

with vector using t test. The western blots shown are representatives of three independent
experiments.
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Figure 6. JAK2 or STAT3 inhibition resensitizes AKTIP-depleted cells to ERa antagonists in vitro
(A) MCEFT7 cells stably expressing AKT7/PshRNA or vector were treated with serially diluted

concentrations of fulvestrant for 72 h or 4-OH-Tam for 6 days prior to cell viability assay.
Lysates of cells treated with the indicated concentration of fulvestrant were harvested for
western blotting (right). ERK2 was loading control.

(B) Relapse-free survival of patients with ERa.-positive breast cancer with high or low
AKTIPmRNA levels stratified at the lower quartile. Cohorts of patients with ERa.-positive
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breast cancer treated with adjuvant tamoxifen (n = 158) were selected for the analysis in the
KM plotter. Log rank p value is shown.

(C) MCFT cells stably expressing AK7/PshRNA or vector were treated with serial
concentrations of AZD1480 for 72 h.

(D and E) MCF7 cells stably expressing AK7/PshRNA or vector were treated with serial
concentrations of (D, top) fulvestrant (Ful) with or without 2 uyM AZD1480 (AZD) for 72

h; (D, bottom) 4-OH-Tam with or without 2 uM AZD; or (E) 4-OH-Tam with or without 2
UM C188-9 for 6 days. The plots show mean + SD of triplicates and one representative of
three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, no
significant difference by two-way ANOVA with Sidak’s multiple comparison test.
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Figure 7. Responses of AKTIP-depleted cells to ERa antangonist or JAK2/STAT3 inhibitor alone
or in combination in xenograft and human breast cancer organoid models

(A) Vector-expressing or AKT/PshRNA-expressing MCF7 tumor-bearing mice (n = 5) were
treated with vehicles, 4-OH-TAM (10 mg/kg; once every 2 days), and AZD (20 mg/kg;
daily) alone or in combination for 3 weeks. Images of the tumors (top) as well as graphs

of tumor weight and tumor volume (bottom) are presented. Error bars represent SD. *p <
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, no significant difference using two-way
ANOVA with Sidak’s multiple comparison test.
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(B and C) Human breast cancer organoids were transfected with AKT/PsiRNA (B) for 9
days prior to harvest for western blotting or immunofluorescence staining or (C) for a period
of 14 days, and cell viability (n = 9 of three independent experiments) was measured at 4
and 14 days post-transfection. The western blots and staining shown are representatives of
three independent experiments. Scale bar, 20 ym. **p < 0.01; ns, no significant difference by
t test.

(D) Top, schematic illustration of the experimental design and treatment timeline of the
organoids. BME, basement membrane extract. Bottom, viability of the organoids after
treatment with 4-OH-Tam in the presence or absence of 2 uM AZD or 0.5 uM BBI1608 for

5 days. The plots show mean + SD of triplicates and one representative of three independent
experiments. *p < 0.05; **p < 0.01; ****p < 0.0001; ns, no significant difference by
two-way ANOVA with Sidak’s multiple comparison test.

(E) Proposed model of regulation of ERa protein level upon AKT/Ploss. When AKTIP

is depleted, the binding of CAND1 with cullin 2, and thereby the regulation on cullin 2

by CAND1, is promoted. This may alter the interaction of cullin 2 with substrate receptor
(SR) that binds ERa., leading to reduced binding between cullin 2 and ERa.. As a result, the
ubiquitination and degradation of ERa is decreased. E2, E2 ubiquitin-conjugating enzyme;
RBX, RING box protein. The figure was created with BioRender.com.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

AKTIP Proteintech Cat# 14860-1-AP; RRID: AB_2878087
AKTIP Novus Cat# NBP2-14278; RRID: AB_2924781
AKTIP Santa Cruz Biotechnology  Cat# sc-134343; RRID: AB_2289454
ERa pS118 Cell Signaling Technology  Cat# 2511; RRID: AB_331289

ERa pS167 Cell Signaling Technology  Cat# 5587; RRID: AB_10693297

ERa pS104/106 Cell Signaling Technology — Cat# 2517; RRID: AB_2102072

ERa Cell Signaling Technology  Cat# 8644; RRID: AB_2617128

ERa Santa Cruz Biotechnology  Cat# sc-8002; RRID: AB_627558

ERB Invitrogen Cat# PA1-311; RRID: AB_325597
SGK3 pT320 Cell Signaling Technology  Cat# 5642; RRID: AB_10694357
SGK3 Cell Signaling Technology  Cat# 8156; RRID: AB_10949507

STAT3 pY705
STAT3

JAK2 pY1007/1008

JAK2
Ubiquitin
AKT pT308
AKT pS473
AKT

MTOR pS2448
mTOR

S6 pS235/236
S6

p70S6K pT389
p70S6K

HA

CAND1
Cullin-2

UsP7
HOOK1
FASN
HSPA1B
HSPALA
a/p-Tubulin
Lamin A/C
GAPDH
ERK2

HRP-linked anti-mouse 1gG secondary antibody

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Novus

Abcam

Santa Cruz Biotechnology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
BioLegend

Bethyl

Bethyl
Santa Cruz Biotechnology

Bethyl

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Invitrogen

Sigma-Aldrich

Cell Signaling Technology
Cell Signaling Technology
GenScript

Santa Cruz Biotechnology

GE Healthcare
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Cat# 9145; RRID: AB_2491009

Cat# 4904, RRID: AB_331269

Cat# 3776, RRID: AB_2617123

Cat# NBP2-59451; RRID: AB_2924782
Cat# ab7780; RRID: AB_306069

Cat# sc-271966; RRID: AB_10715102
Cat# 9271; RRID: AB_329825

Cat# 4691, RRID: AB_915783

Cat# 5536; RRID: AB_10691552

Cat# 2983; RRID: AB_2105622

Cat# 2211, RRID: AB_331679

Cat# 2317, RRID: AB_2238583

Cat# 9234; RRID: AB_2269803

Cat# 9202; RRID: AB_331676

Cat# 901502; RRID: AB_2565007

Cat# A302-901A; RRID: AB_10663486

Cat# A302-476A; RRID: AB_1944215
Cat# sc-166506; RRID: AB_2230072

Cat# A300-033A; RRID: AB_203276
Cat# sc-398233; RRID: AB_2923066
Cat# sc-55580; RRID: AB_2231427
Cat# PA5-28369; RRID:AB_2545845
Cat# SAB2701085; RRID: AB_2923065
Cat# 2148; RRID: AB_2288042

Cat# 2032; RRID: AB_2136278

Cat# A00192

Cat# sc-154; RRID: AB_2141292

Cat# NA931; RRID: AB_772210
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REAGENT or RESOURCE
HRP-linked anti-rabbit 1gG secondary antibody

SOURCE
GE Healthcare

IDENTIFIER
Cat# NA934; RRID: AB_772206

Bacterial and virus strains

DH5a competent £. coli cells Thermo Fisher Scientific Cat#EC0112
Biological samples

Human breast tumor tissue array US Biomax Cat# BC081116d
Chemicals, peptides, and recombinant proteins

Lipofectamine RNAIMAX Invitrogen Cat# 13778150
Lipofectamine 3000 Invitrogen Cat# L3000015
Resazurin sodium salt Sigma-Aldrich Cat# R7017
Matrigel® Growth Factor Reduced (GFR) Basement Membrane Corning Cat# 354230
Matrix

Matrigel® Basement Membrane Matrix Corning Cat# 354234
17p-estradiol valerate APEXBIO Cat# B1506
Fulvestrant Selleckchem Cat# S1191
AZD1480 Selleckchem Cat# S2162
4-OH-Tam APEXBIO Cat# B6167
BBI1608 (Napabucasin) MedChemExpress Cat# HY-13919
Pierce Protease Inhibitor Mini Tablets Thermo Fisher Scientific Cat# A32953

Protein A/G PLUS-Agarose beads
Cycloheximide (CHX)

TRIzol

3,3’-diaminobenzidine (DAB)

Cultrex reduced growth factor basement membrane extract (type 2,
Pathclear)

B-27 supplement
L-glutamine
Nicotinamide
N-acetylcysteine
Noggin

EGF

FGF-10

FGF-7
Neuregulin-1
A83-01
R-spondin-1
HEPES
SB202190
TrypLE Express
Y-27632

Cultrex Organoid Harvesting Solution

Cell Rep. Author manuscript; available in PMC 2023 January 13.

Santa Cruz Biotechnology
Caymen Chemical
Invitrogen

Amresco

R&D systems

Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
PeproTech

PeproTech

PeproTech

PeproTech

PeproTech

PeproTech

PeproTech

Thermo Fisher Scientific
LC Laboratories
Thermo Fisher Scientific
LC Laboratories

R&D systems

Cat# sc-2003
Cat# 14126

Cat# 15596018
Cat# E885

Cat# 3533-010-02

Cat# 17504044
Cat# 25030081
Cat# N0636
Cat# A9165
Cat# 120-10C
Cat# AF100-15
Cat# 100-26
Cat# 100-19
Cat# 100-03
Cat# 9094360
Cat# 120-38
Cat# 15630080
Cat# S-1700
Cat# 12604021
Cat# Y-5301
Cat# 3700-100-01
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REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays
Minute Cytoplasmic & Nuclear Extraction Kits for Cells Invent Biotechnologies Cat# SC-003
HiScript 11 1st Strand cDNA Synthesis Kit Vazyme Cat# R211
ChamQ SYBR Color gPCR Master Mix Vazyme Cat# Q411
Dual-Luciferase® Reporter Assay System Promega Cat# E1910
CellTiter-Glo® 3D Cell Viability Assay Promega Cat# G9681
Deposited data
RNA-seq data for AKT7/PsiRNA- and mock-transfected MCF7 and This paper GEO Accession: GSE209693
SKBR3 cells
AKTIP IP-MS data This paper ProteomeXchange identifier: PXD035716
Experimental models: Cell lines
Human: MCF7 ATCC HTB-22
Human: MDA-MB-361 ATCC HTB-27
Human: MDA-MB-175 ATCC HTB-25
Human: BT474 ATCC HTB-20
Human: T47D ATCC HTB-133
Human: MDA-MB-453 ATCC HTB-131
Human: SKBR3 ATCC HTB-30
Human: MDA-MB-231 ATCC HTB-26
Human: HCC1954 ATCC CRL-2338
Human: MDA-MB-468 ATCC HTB-132
Experimental models: Organisms/strains
Mouse: BALB/cANN-nu (Nude) Charles River Lab N/A
Oligonucleotides
See Table S3 for list of siRNA and shRNA sequences This paper N/A
See Table S5 for list of primer sequences for real-time PCR This paper N/A

Recombinant DNA

pcDNA3-myc3-CUL2
pcDNA3-myc3-NEDD8
3X-ERE-TATA-luc
pLKO.1-Puro-shAKTIP
pLenti6.3-Blast-HA-AKTIP

(Ohta et al.,1999)%4
(Furukawa et al., 2000)8°
(Hall et al., 1999)86
(Moffat et al., 2006)87
This paper

Addgene Plasmid #19892
Addgene Plasmid #19943
Addgene Plasmid #11354
N/A
N/A

Software and algorithms

ImageJ

SuperCurve Fitting

Cell Rep. Author manuscript; available in PMC 2023 January 13.

(Schneider et al., 2012)88
(Hu et al., 2007)8°

https://imagej.nih.gov/ij/

https://bioinformatics.mdanderson.org/

public-software/supercurve/
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https://bioinformatics.mdanderson.org/public-software/supercurve/
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REAGENT or RESOURCE
MaxQuant v1.6.14.0

STAR RNA-seq aligner v2.5.2
DESeq2 v1.26.0

GSEAv4.0.3

KM Plotter

GraphPad Prism

SOURCE

(Cox et al., 2008)°
(Dobin et al., 2013)%!
(Love et al., 2014)%
(Subramanian et al.,
2005)47

(Lanczky et al., 2021)?5

GraphPad Software

IDENTIFIER
https://www.maxquant.org/
https://github.com/alexdobin/STAR

https://bioconductor.org/packages/
release/bioc/html/DESeq2.html

https://www.gsea-msigdb.org/

https://kmplot.com/analysis/index.php?
p=service&cancer=breast

https://www.graphpad.com/
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