
Volume 31  August 1, 2020	 1867 

MBoC  |  ARTICLE

HEXIM1 controls P-TEFb processing and 
regulates drug sensitivity in triple-negative 
breast cancer

ABSTRACT  The positive transcription elongation factor b (P-TEFb), composed of CDK9 and 
cyclin T, stimulates transcriptional elongation by RNA polymerase (Pol) II and regulates cell 
growth and differentiation. Recently, we demonstrated that P-TEFb also controls the expres-
sion of EMT regulators to promote breast cancer progression. In the nucleus, more than half 
of P-TEFb are sequestered in the inactive-state 7SK snRNP complex. Here, we show that the 
assembly of the 7SK snRNP is preceded by an intermediate complex between HEXIM1 and 
P-TEFb that allows transfer of the kinase active P-TEFb from Hsp90 to 7SK snRNP for its sup-
pression. Down-regulation of HEXIM1 locks P-TEFb in the Hsp90 complex, keeping it in the 
active state to enhance breast cancer progression, but also rendering the cells highly sensi-
tive to Hsp90 inhibition. Because HEXIM1 is often down-regulated in human triple-negative 
breast cancer (TNBC), these cells are particularly sensitive to Hsp90 inhibition. Our study 
provides a mechanistic explanation for the increased sensitivity of TNBC to Hsp90 inhibition.

INTRODUCTION
Altered gene expression is a hallmark of cancer and plays a key role 
in malignant progression. The transcription elongation machinery 
has been shown to control the expression of a large number of 
genes involved in cell growth, differentiation, and stem cell self-re-
newal (Zhou and Yik, 2006). For many such genes, RNA polymerase 

(Pol) II already exists in their promoter-proximal regions in a paused 
state bound by two negative factors, NELF and DSIF, before the full 
induction of expression; and the rate-limiting step for their activa-
tion is the release of Pol II from the pause. A central component of 
the transcription elongation machinery is the positive transcription 
elongation factor b (P-TEFb). Consisting of CDK9 and cyclin T 
(CycT), P-TEFb releases Pol II from promoter-proximal pausing by 
phosphorylating the C-terminal domain (CTD) of Pol II, as well as 
DSIF and NELF. This leads to the production of full-length mRNA 
transcripts (Zhou et al., 2012).

P-TEFb can exist in at least three distinct major complexes that 
collectively constitute a functional network (Ott et al., 2011; Zhou 
et al., 2012). Most P-TEFb in cells are sequestered in an inactive 
form in the 7SK small nuclear ribonucleoprotein complex (7SK sn-
RNP). Within this complex, 7SK small nuclear RNA (snRNA) serves as 
a central scaffold that is stabilized by LARP7 (La-related protein 7; 
He et al., 2008; Krueger et al., 2008) and MepCE (Methylphosphate 
capping enzyme) (Jeronimo et al., 2007; Xue et al., 2010). HEXIM1 
(hexamethylene bisacetamide inducible protein 1) binds to the 7SK 
snRNA in the complex and inhibits the CDK9 kinase activity (Yik 
et al., 2003). In response to a number of stress or growth-stimulating 
signals, P-TEFb is released from the 7SK snRNP and recruited to the 
chromatin templates by the bromodomain protein BRD4 to pro-
mote transcription of many cellular primary response genes such as 
Myc, Fos, and JunB (Jang et al., 2005; Yang et al., 2005). P-TEFb can 
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also exist in a transcriptionally active form in the multisubunit super 
elongation complex (SEC), which contains mostly fusion partners 
(e.g., AFF1, AFF4, ELL1, ELL2, ENL, and AF9) of the mixed lineage 
leukemia (MLL) protein. The SEC is recruited by the HIV-1 Tat protein 
or MLL-fusion proteins to greatly stimulate transcription of HIV and 
MLL-target genes, respectively (Mueller et al., 2009; He et al., 2010; 
Lin et al., 2010; Sobhian et al., 2010; Yokoyama et al., 2010; Lu et al., 
2014). The latter leads to some of the most severe forms of child-
hood leukemia.

P-TEFb and its binding partners have been implicated in human 
cancer. In addition to the key role of the SEC in leukemogenesis 
(Mueller et al., 2009; Lin et al., 2010; Yokoyama et al., 2010), BRD4, 
the chromatin adaptor for P-TEFb, has also been linked to many hu-
man cancers, including acute myeloid leukemia (AML), chronic my-
eloid leukemia (CML), and breast cancer (Blobel et al., 2011; Dawson 
et al., 2011; Zuber et al., 2011; Winter et al., 2012; Wedeh et al., 
2015; Ren et al., 2018). BRD4 has been reported to regulate breast 
cancer progression by modulating Notch and Wnt5A signaling (Shi 
et al., 2014; Andrieu et al., 2016). The 7SK snRNP components have 
also been implicated in human breast cancer. For example, micro-
satellite instability (MSI)–induced LARP7 frame-shift mutations have 
been detected in ∼35% of breast cancer samples characterized as 
MSI-high (Mori et al., 2002). Further implying a key role of LARP7 in 
breast cancer progression, we reported that LARP7 is significantly 
down-regulated in aggressive human breast cancer tissues, and that 
this down-regulation resulted in increased breast cancer epithelial–
mesenchymal transition (EMT) and metastasis (Ji et al., 2014). Mech-
anistically, we showed that the decreased LARP7 expression reduced 
the 7SK snRNP level and redistributed P-TEFb to the SEC, leading 
to P-TEFb activation and increased transcription of EMT transcrip-
tion factors to promote breast cancer EMT, invasion, and metastasis 
(Ji et al., 2014).

Given the above results strongly suggesting that P-TEFb activa-
tion plays an important role in promoting breast cancer progression, 
we predict that other P-TEFb partners may also be implicated in 
breast cancer. Indeed, another 7SK snRNP subunit, HEXIM1, has 
also been reported to be down-regulated by estrogens and de-
creased in breast tumors (Wittmann et al., 2003). HEXIM1 was origi-
nally identified as a protein that is induced in vascular smooth mus-
cle cells by hexamethylene bisacetamide (HMBA; Ouchida et  al., 
2003), an inducer of cell differentiation, and was later found to be a 
critical component of the 7SK snRNP (Yik et al., 2003; Michels et al., 
2004). Overexpression of HEXIM1 in breast cancer cells was found 
to decrease cell proliferation and anchorage-independent growth 
(Wittmann et al., 2003). Furthermore, in the murine Polyoma middle 
T (PyMT) transgenic model of breast cancer, HEXIM1 has been 
found to suppress metastasis (Ketchart et al., 2013). Finally, HEXIM1 
can be recruited to the estrogen receptor target gene promoters to 
cause repression of estrogen-induced gene expression by tamoxi-
fen (Ketchart et  al., 2011). Thus, HEXIM1 is clearly implicated in 
breast cancer. However, its mechanism of action and in particular 
whether its effects in breast cancer are dependent on its inhibition 
of P-TEFb have not been determined.

In this study, we examined the role of HEXIM1 in breast cancer 
and found that HEXIM1 expression is down-regulated in human tri-
ple-negative breast cancer (TNBC). This down-regulation renders 
TNBC cells particularly sensitive to the inhibition of Hsp90. Hsp90, 
as a molecular chaperone, is essential for the folding, activation, and 
turnover of many key regulators of cell growth and survival, includ-
ing protein kinases and steroid hormone receptors, and also plays 
an important role in oncogenesis (Whitesell and Lindquist, 2005). 
Advanced cancer cells often exhibit elevated requirement for Hsp90 

function to facilitate tolerance of oncogenic mutations and survival 
of cancer cells under heightened stress conditions from the micro-
environment. Tumor cells often display increased abundance of 
Hsp90, which subsequently promotes tumor cell survival and trans-
formation through effects on Akt, TNFα, NF-κB, and other onco-
gene or tumor suppressors, and overexpression of Hsp90 in breast 
cancer correlates with poor prognosis (Sidera and Patsavoudi, 
2014). Interestingly, cancer cells appear to be particularly sensitive 
to inhibitors of Hsp90. For example, Caldas-Lopes et al. have shown 
that TNBC cells are highly sensitive to Hsp90 inhibition (Caldas-
Lopes et al., 2009). Moreover, inhibitors of Hsp90 are in Phase II 
clinical trials for treatment of several solid tumors including breast 
cancer, melanoma, prostate cancer, and myeloma (Beliakoff et al., 
2003; Solit et al., 2008; Suzuki et al., 2010). However, the molecular 
mechanism underlying this heightened sensitivity to Hsp90 inhibi-
tion has not been defined. Our study showed that the sensitivity of 
breast cancer cells to Hsp90 inhibition correlates with the levels of 
HEXIM1 and its ability to regulate CDK9 processing. HEXIM1 forms 
a complex with P-TEFb that serves as an intermediate to transfer the 
active P-TEFb from Hsp90 to the 7SK snRNP for its suppression. 
Down-regulation of HEXIM1 locks CDK9 in the immature state in 
the Hsp90 complex, rendering cells highly sensitive to Hsp90 inhibi-
tors. Our study has provided a molecular basis for the sensitivity of 
TNBC to Hsp90 inhibition.

RESULTS
HEXIM1 expression level is reduced in TNBC
To investigate the role of HEXIM1 in breast cancer, we first per-
formed data-mining of two publicly accessible datasets, from which 
HEXIM1 mRNA levels in different cancer types were derived and 
analyzed. Analysis of the Cancer Genome Atlas (TCGA) dataset 
demonstrated that the HEXIM1 level is lower in estrogen receptor 
(ER)– or progesterone receptor (PR)–negative breast cancers, but is 
not affected by the HER2 status (Figure 1A). Consistently, HEXIM1 
expression was down-regulated in TNBC samples (Figure 1B). 
Analysis of the Oncomine dataset also indicated that HEXIM1 ex-
pression was reduced in TNBC (Figure 1C). Similarly, in a variety of 
human breast cancer cell lines, when they were normalized to the 
nontransformed mammary epithelial MCF10A cell line, the HEXIM1 
mRNA levels were mostly lower in the TNBC cell lines (e.g., MDA-
MB-468, MDA-MB-231, and BT549) than in the non-TNBC cells 
(Figure 1D). Finally, immunohistochemistry staining of a tissue array 
containing 71 non-TNBC and 66 TNBC samples of human malig-
nant breast cancer showed that HEXIM1 protein level was also 
markedly reduced in human TNBC tissues (Figure 1E). These analy-
ses suggest that HEXIM1 is down-regulated in human TNBC.

HEXIM1 KD moderately promotes proliferation and 
migration of breast cancer cells
We next asked whether reducing the HEXIM1 levels in untrans-
formed mammary epithelial cells would promote transformation 
and malignant progression. To this end, we knocked down HEXIM1 
in MCF10A cells by stably expressing a HEXIM1-specific shRNA 
(Figure 2A) and examined its effect on cell proliferation, morpho-
logical differentiation, and cell migration. HEXIM1 knockdown (KD) 
had little effect on the proliferation or apoptosis of MCF10A cells 
(Supplemental Figure S1). When cultured in the three-dimensional 
(3D) laminin-rich extracellular matrix (lrECM), the control MCF10A 
cells proliferated and underwent morphological differentiation to 
form multicellular acinar-like structures with well-defined borders 
and polarity. The HEXIM1 KD cells also formed acinar structures with 
proper apical and basolateral polarity, but these acini were much 
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larger and contained a larger number of cells on the average 
(Figure 2B). This increase in the size of HEXIM1 KD acini was readily 
reversed by the reintroduction of HEXIM1-HA (Supplemental Figure 
S2, A and B). These data suggest that depletion of HEXIM1 leads to 
an increase in the proliferative potential of cells. This increased pro-
liferation in the 3D culture was not sufficient for oncogenic transfor-
mation, as the HEXIM1 KD cells failed to form soft-agar colonies (He 
et al., 2008).

In both noninvasive T47D and invasive MDA-MB-231 breast can-
cer cells, HEXIM1 KD moderately enhanced cell motility and migra-
tion (Figure 2, C–E), but had little effect on the transforming activity 
of these cells in vitro as measured by the soft-agar assay for anchor-
age-independent growth (Figure 2F). Thus, HEXIM1 KD promoted 
breast cancer cell proliferation and migration, but did not signifi-
cantly affect the transforming activity of these cells in vitro.

Down-regulation of HEXIM1 sensitizes malignant breast 
cancer cells to Hsp90 inhibitors
We next examined whether HEXIM1 affected the response of malig-
nant MDA-MB-231 breast cancer cells to chemotherapeutic or other 
anti-cancer drugs using a colony formation assay to measure cell 
proliferation and survival in vitro. As shown in Figure 3A, HEXIM1 
KD did not change the sensitivity to three chemotherapy drugs, 
doxorubicin, 5-fluorouracil, and Paclitaxel, which are frequently 
used in breast cancer treatment. However, the sensitivity to geldan-
amycin (GA), an Hsp90 inhibitor, was significantly increased. While 
4 nM GA only mildly inhibited the colony-forming ability of control 
MDA-MB-231 cells, it completely suppressed this ability of the two 

HEXIM1 KD clones (Figure 3B) and caused apoptosis of the treated 
cells (Figure 3C). Importantly, this enhanced sensitivity to GA in 
HEXIM1 KD cells could be efficiently reversed by overexpression of 
an shRNA-resistant HEXIM1-HA cDNA (Supplemental Figure S3, A 
and B). In addition, the HEXIM1 KD cells showed similarly increased 
sensitivity to another Hsp90 inhibitor, Radicicol (RD) (Figure 3D). 
These results suggest that down-regulation of HEXIM1 enhanced 
the sensitivity of MDA-MB-231 breast cancer cells to Hsp90 
inhibition.

A potential correlation between the HEXIM1 levels and the sen-
sitivity to Hsp90 inhibitors seen in MDA-MB-231 cells prompted us 
to test this correlation further in other breast cancer cell lines. To this 
end, a panel of breast cancer cell lines expressing varying levels of 
HEXIM1 was treated with GA and their viability was then assessed. 
Interestingly, several ER-positive luminal breast cancer cell lines with 
relatively high expression of HEXIM1, including BT474, MCF7, and 
T47D, were more resistant to GA than the TNBC cell lines MDA-
MB-468 and BT549, which have lower levels of HEXIM1 expression 
(Figure 3E). One exception is MDA-MB-231, which was more resis-
tant to GA than other TNBC cell lines. We found that although the 
HEXIM1 mRNA level was low in MDA-MD-231 cells (Figure 1D), the 
HEXIM1 protein level was relatively high and at a level comparable 
to those in the ER-positive cell lines (Supplemental Figure S3C). Yet 
reducing HEXIM1 expression rendered MDA-MD-231 more sensi-
tive to GA (Figure 3, B and C). Consistently, increasing HEXIM1 ex-
pression in the HEXIM1-low BT549 cell line rendered the cells less 
sensitive to GA (Supplemental Figure S3, D and E). Thus, the 
HEXIM1 level appears to correlate negatively with the sensitivity of 

FIGURE 1:  HEXIM1 is down-regulated in TNBC. (A) HEXIM1 expression levels in breast cancer of different ER (left), PR 
(middle), and HER2 (right) status in the TCGA database. ns: not significant, ***p < 0.001, Mann–Whitney test. (B, C) Box 
plots showed the decreased levels of HEXIM1 in TNBC from TCGA, B, and Oncomine, C, databases. ***p < 0.001, 
Mann–Whitney test. (D) HEXIM1 mRNA levels in human breast cancer cell lines as measured by qRT-PCR. PCR values 
were normalized to that of GAPDH. The HEXIM1 level in the nontransformed MCF10A cells was set as 1. *p < 0.05, 
**p < 0.01, ***p < 0.001, Student’s t test. (E) Human breast cancer tissue arrays consisting of malignant non-TNBC 
samples (n = 71) and TNBC samples (n = 66) were subjected to IHC staining using anti-HEXIM1. Quantitation of the 
HEXIM1 level was shown in the graph to the right. Data are shown as means ± SD. ***p < 0.001, Student’s t test. 
Scale bar: 100 µm.
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FIGURE 2:  HEXIM1 KD moderately promotes breast cancer cell proliferation and migration. (A) Western blotting 
showing the efficiency of stable HEXIM1 knockdown by shHEXIM1 in MCF10A, T47D, and MDA-MB-231 cells. Tubulin 
was used as a loading control. (B) Representative phase contrast (top panel) and confocal (bottom panel) images of 
MCF10A control and HEXIM1 KD cells cultured on lrECM for 7 d. Blue, DAPI; green, α6-integrin. Scale bars: 50 µm. 
Quantitative analyses of acinar size distribution (middle graph; n = 110) and the average cell number per acinus (right 
graph; n = 50) are shown in the graphs. ***p < 0.001, Student’s t test. (C) Wound healing assay. Wound closure was 
monitored by phase contrast microscopy and quantified. Data are presented as means ± SEM from four independent 
assays. *p < 0.05, Student’s t test. Scale bar: 20 µm. (D, E) Cell migration assay. Transwell assays were performed for 
24 h (T47D) or 4 h (MDA-MB-231), and migrated cells were stained and counted. Data are shown as means ± SEM 
derived from four independent experiments. **p < 0.01, Student’s t test. Scale bar: 20 µm. (F) Anchorage-independent 
growth of MDA-MB-231 control or HEXIM1 KD cells was measured by a soft agar assay. The number of colonies was 
quantified and is shown in the graph to the right.

metastatic breast cancer cells to Hsp90 inhibitors. This result is in 
agreement with a previous report suggesting that TNBCs are par-
ticularly sensitive to inhibition of Hsp90 due to an unknown reason 
(Caldas-Lopes et al., 2009).

HEXIM1 KD sensitizes xenografted MDA-MB-231 tumors 
to GA in vivo
Because HEXIM1 KD rendered MDA-MB-231 cells more sensitive to 
killing by GA, we predicted that GA might also inhibit the oncogenic 
potential of these cells. Indeed, treatment of MDA-MB-231 HEXIM1 
KD cells with GA led to a significant inhibition of the anchorage-in-

dependent growth, whereas the same treatment only had a very 
minor effect on the parental MDA-MB-231 cells (Figure 4A). To ex-
amine the effect of GA on tumor growth in a xenograft mouse model 
in vivo, we injected control MDA-MB-231 cells and their HEXIM1 KD 
derivative subcutaneously into the nude mice. The HEXIM1 KD was 
found to promote tumor development markedly, resulting in bigger 
tumors and an elevated tumor burden (Figure 4, B and C). This is 
consistent with the model that HEXIM1 has tumor suppressor activi-
ties (Wittmann et al., 2003; Ogba et al., 2010; Ketchart et al., 2013; 
Tan et al., 2016). After the tumors reached a measurable size, the 
mice were administered GA or vehicle (PBS) for three additional 
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weeks. While GA had little effect on the control tumors, it inhibited 
growth of the HEXIM1 KD tumors (Figure 4, B and C). Consistently, 
HEXIM1 KD tumors exhibited a significantly higher level of apopto-
sis upon GA treatment than control tumors (Figure 4D). Thus, simi-
larly to the observations in vitro, down-regulation of HEXIM1 
increased the sensitivity of malignant MDA-MB-231 tumors to 
Hsp90 inhibition in vivo.

HEXIM1 KD increases binding of CDK9 to Hsp90
We next investigated the mechanism underlying the altered sensi-
tivity of HEXIM1 KD breast cancer cells to Hsp90 inhibitors. Because 
HEXIM1 is a critical member of the 7SK snRNP that maintains P-
TEFb in the inactive state (Yik et al., 2003; Michels et al., 2004), we 
examined whether the depletion of HEXIM1 redistributed P-TEFb 
from 7SK snRNP to the active BRD4 or SEC complexes. CDK9 and 
its associated proteins were isolated by immunoprecipitation with 
anti-CDK9 antibodies from nuclear extracts of control MDA-MB-231 
or HEXIM1 KD cells and analyzed by Western blotting with antibod-

ies targeting different P-TEFb partners. As expected, HEXIM1 KD 
significantly impaired the assembly of the 7SK snRNP and reduced 
association of P-TEFb to a key 7SK snRNP component LARP7 
(Figure 5A). Surprisingly, HEXIM1 KD also decreased the binding of 
P-TEFb to the SEC components, including AFF4, ELL2, and to a 
certain extent ENL, while had little effect on the BRD4-P-TEFb inter-
action (Figure 5A).

Because there is no free P-TEFb in the cells, and P-TEFb is 
thought to be maintained in a functional equilibrium among the 7SK 
snRNP, BRD4-P-TEFb, and SEC complexes, destruction of one such 
complex is expected to result in P-TEFb’s redistribution into the re-
maining complexes. However, the HEXIM1 KD reduced the bind-
ings of P-TEFb to both 7SK snRNP and the SEC, but did not change 
the BRD4-P-TEFb interaction. This suggests the possible existence 
of other protein(s) that may bind to the released P-TEFb.

To determine whether the released CDK9 in HEXIM1 KD cells as-
sociated with another cellular protein, we performed affinity purifica-
tion to identify the CDK9-associated proteins in the HeLa-based 

FIGURE 3:  HEXIM1 KD increases the sensitivity of metastatic breast cancer cells to Hsp90 inhibitors. 
(A, B, D) Clonogenic growth assays. MDA-MB-231 control or HEXIM1 KD cells were treated with various concentration 
of doxorubicin, 5-fluorouracil, or Paclitaxel as indicated in A, GA in B, and RD in D. Representative images of the 
colony-forming assay are shown in B, and quantitations of the colonies formed are shown in the graphs in A, B, D. 
(C) Flow cytometric analysis of the apoptotic cells. Cells were treated with GA or DMSO for 48 h, followed by propidium 
iodide staining and flow cytometric analysis. Data are presented as means ± SD in triplicates. ***p < 0.001, Student’s 
t test. (E) Viability of various breast cancer cell lines upon treatment with 40 nM GA. The relative cell survival was 
calculated by comparing the number of cells in GA-treated group to that of DMSO controls. Data represent the average 
values from three independent assays.
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F1C2 cell line that stably expresses shHEXIM1 and the FLAG-tagged 
CDK9 (Yang et al., 2001). Similar to the observation in MDA-MB-231 
cells, HEXIM1 KD in F1C2 cells also decreased the presence of CDK9 
in both the 7SK snRNP and SEC but not in the BRD4 complex (Figure 
5B). CDK9-FLAG and its associated factors immunoprecipitated from 
control and the HEXIM1 KD cells were resolved by electrophoresis 
and visualized by silver staining (Figure 5C). Interestingly, a protein of 
approximately 90 kDa was found to interact significantly more with 
CDK9-FLAG in the KD cells. Mass spectrometry analysis identified 
this protein as Hsp90. We further confirmed the increased binding of 
CDK9 to Hsp90 upon HEXIM1 KD using coimmunoprecipitation fol-

lowed by anti-Hsp90 Western blotting in both MDA-MB-231 and 
F1C2 background (Figure 5D and Supplemental Figure S4A). Consis-
tent with this, in TNBC cells with a lower HEXIM1 level (MDA-MB-468 
and BT549), a notable increase in the CDK9-Hsp90 interaction was 
detected (Supplemental Figure S4B).

HEXIM1 plays a key role in P-TEFb assembly 
into the 7SK snRNP
We have previously reported that the newly synthesized CDK9 in-
teracts sequentially with two chaperone proteins in the cytoplasm, 
Hsp70 and Hsp90, which allows proper folding and assembly of 

FIGURE 4:  HEXIM1 KD sensitizes TNBC tumors to GA in vivo. (A) Soft agar assay. MDA-MB-231 control or HEXIM1 KD 
cells were grown on soft agar in the presence of 30 nM GA or DMSO. The soft-agar colonies were stained with MTT and 
quantified and are shown in the right graph. Data are presented as means ± SD in triplicates. **p < 0.01, Student’s t test. 
(B, C) Effects of GA on breast cancer growth in vivo using the xenograft mouse model. Control or HEXIM1 KD tumors 
were injected into the nude mice and allowed to grow to approximately 100 mm3. GA was then injected 
intraperitoneally twice per week, and tumor volume was measured continuously, B. Tumors were harvested 3 wk later, 
and tumor weight was measured at the endpoint, C. *p < 0.05, Student’s t test. (D) Tumor sections were subjected to 
the TUNEL assay and H&E staining. The apoptotic index was calculated as a ratio of the number of apoptotic cells to 
that of the total cells (right graph). Data are presented as the mean ± SD by Student’s t test. **p < 0.01, ***p < 0.001. 
Scale bars: 50 µm.
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CDK9 into the active CDK9-CycT1 heterodimer of P-TEFb (O’Keeffe 
et  al., 2000). We showed that inactivation of Hsp90 by GA pre-
vented the generation of active P-TEFb, leading to rapid degrada-
tion of the free and unprotected CDK9 (O’Keeffe et al., 2000). To 
examine whether the increased interaction of CDK9 with Hsp90 
upon HEXIM1 KD could be disrupted by GA, the interaction in cells 
treated with GA or DMSO was assessed by the coimmunoprecipi-
tation assay. As shown in Supplemental Figure S4C, GA abolished 
the CDK9–Hsp90 interaction in both the HEXIM1 KD and control 
F1C2 cells, suggesting that the interaction depended on the activ-
ity of Hsp90. Consistently, HEXIM1 KD in MDA-MB-231 cells also 
led to an increase in the CDK9–Hsp90 interaction, which was abol-
ished by GA (Figure 5D). Importantly, this nuclear CDK9-Hsp90 
complex is free of Cdc37, which is only detected in the cytoplasmic 
complex with Hsp90 and CDK9 in transfected 293T cells (O’Keeffe 
et al., 2000), but not breast cancer cells or Hela cells (Supplemental 
Figure S4D).

One important question is whether CycT1 is part of the CDK9–
Hsp90 complex and whether this Hsp90-bound CDK9 is active as a 
kinase. The sequential immunoprecipitation assay confirmed that 
the CDK9–CycT1–Hsp90 complex existed in the HEXIM1 KD cells 
(Figure 5E), suggesting that the P-TEFb complex is formed in the 
presence of Hsp90. Furthermore, in an in vitro kinase assay, the 
Hsp90-bound P-TEFb showed kinase activity comparable to or even 
higher than that in the CDK9–CycT1 heterodimer, suggesting that 
the CDK9–CycT1–Hsp90 complex is an active form of P-TEFb 
(Figure 5F). This explains why in the HEXIM1 KD cells, although the 
levels of the known SEC-bound P-TEFb complex are decreased, the 
cells still exhibit active transcription and moderately enhanced on-
cogenic transformation and invasion. Because P-TEFb is locked into 
the Hsp90 complex in HEXIM1 KD cells, disruption of this complex 
by GA results in the accumulation of unprotected CDK9 that is 
quickly degraded, leading to the depletion of essential P-TEFb from 
the cells. This could be the underlying mechanism of the observed 
increased sensitivity of breast cancer cells to the Hsp90 inhibitors. 
The observation that P-TEFb is stuck in the Hsp90 complex upon 
HEXIM1 KD also suggests that HEXIM1 is normally required at a 
step after Hsp90 but before P-TEFb is assembled into the 7SK sn-
RNP for its suppression. Thus, HEXIM1 may form an intermediate 
complex with CDK9–CycT1 that is required to stabilize and transfer 
P-TEFb from Hsp90 to the 7SK snRNP. Our study has thus identified 
the precise step of HEXIM1 action in P-TEFb maturation and 
suppression.

HEXIM1 KD increases the sensitivity of breast cancer cells 
to inhibition of CDK9
The above model makes two predictions. First, if the CDK9–CycT1–
Hsp90 and CDK9–CycT1–HEXIM1 complexes are necessary key in-
termediates for P-TEFb maturation before P-TEFb is assembled into 
the 7SK snRNP, a complete disruption of the Hsp90–P-TEFb com-
plex by GA should result in a decrease in the binding of CDK9 with 
HEXIM1, as well as its assembly into the 7SK snRNP, even in cells 
without the HEXIM1 KD. Indeed, when treated with increasing con-
centrations of GA, a gradual decrease in the associations of CDK9 
with HEXIM1 and another key 7SK snRNP component, LARP7, was 
detected (Figure 5G).

Second, because HEXIM1 KD resulted in an increase of the ac-
tive Hsp90-P-TEFb complex, these cells should also become sensi-
tive to the inhibition of CDK9. To test this, we treated control and 
HEXIM1 KD MDA-MB-231 cells with increasing concentrations of 
iCDK9, a highly selective CDK9 inhibitor (Lu et al., 2015) and exam-
ined the inhibitory effects on cell proliferation and survival with the 

colony formation assay. As shown in Figure 5H, the KD cells exhib-
ited an elevated sensitivity to iCDK9 compared with the control 
cells. Moreover, a low concentration of iCDK9 (0.02 μM), although 
by itself it had a very minor effect on the colony formation ability of 
the cells, caused a slight but consistent enhancement of the sup-
pressive effect of GA on the KD cells (Figure 5I), confirming that the 
heightened sensitivity of the HEXIM1 KD cells to Hsp90 inhibition is 
dependent on CDK9 and that the KD sensitizes cells to drugs tar-
geting the P-TEFb–Hsp90 complex.

DISCUSSION
HEXIM1 was previously known as a key component of the 7SK sn-
RNP that functions to inhibit the kinase activity of P-TEFb (Yik et al., 
2003; Zhou and Yik, 2006). Here, we show that HEXIM1 is essential 
for the assembly of P-TEFb into the 7SK snRNP by forming an inter-
mediate complex with P-TEFb that allows transfer of P-TEFb from 
Hsp90 to 7SK snRNP (Figure 5J). Our data indicate that P-TEFb ki-
nase activation occurs in the Hsp90 complex, and HEXIM1 acts at a 
step after this activation to enable the assembly of P-TEF into the 
7SK snRNP to suppress its kinase activity. Depletion of HEXIM1 not 
only disrupted the 7SK snRNP, but more importantly, prevented P-
TEFb from assembling into the 7SK snRNP and caused accumula-
tion of active P-TEFb in the Hsp90 complex. These active P-TEFb-
Hsp90 complexes can activate transcription to promote malignant 
progression of HEXIM1 KD breast cancer cells and at the same time 
render these cells more sensitive to the inhibitors of both Hsp90 and 
CDK9. This model explains well the observed different effects of the 
KD of LARP7 versus that of HEXIM1 on P-TEFb’s kinase activity. 
LARP7 KD does not affect the earlier steps of P-TEFb maturation 
and processing, but releases P-TEFb from the 7SK snRNP to form 
more active SEC and BRD4 complexes (Ji et al., 2014). In contrast, 
HEXIM1 KD prevented P-TEFb from incorporating into the 7SK sn-
RNP and all the subsequent complexes (SEC and BRD4), and thus 
locked P-TEFb into the Hsp90 complex. While LARP7-low malignant 
breast cancer cells are sensitive to CDK9 and BRD4 inhibitors, 
HEXIM1-low TNBC are more prone to inhibition by Hsp90 and 
CDK9 inhibitors. Thus, our studies have suggested different treat-
ment options for highly malignant breast cancer with different muta-
tions in the P-TEFb pathway.

Previously, it has been reported that TNBCs are particularly sen-
sitive to inhibition of Hsp90. In addition, PU-H71, another Hsp90 
inhibitor that has entered Phase I clinical trial, was shown to be more 
active in the TNBC than non-TNBC models (Caldas-Lopes et  al., 
2009). However, the mechanism for this heightened sensitivity has 
not been defined clearly. Hsp90 is known to affect the activities of 
many client oncogenic proteins, including PI3K/Akt, JAK/STAT, 
RAS/ERK, NF-κB, and CDKs, that are involved in various key signal-
ing pathways (Sidera and Patsavoudi, 2014). Thus, the inhibition of 
Hsp90 could affect tumor proliferation and apoptosis through these 
pathways. However, these pathways are not unique to TNBC and 
thus cannot fully explain why TNBC is particularly sensitive to Hsp90 
inhibition. Our study here has suggested that the reduced HEXIM1 
levels in TNBC and its impact on CDK9 processing and regulation 
may underlie this sensitivity. We showed that HEXIM1 is down-reg-
ulated in TNBC and that this down-regulation results in accumula-
tion of CDK9 in the Hsp90 complex and a significant decrease in the 
known P-TEFb complexes (SEC and 7SK snRNP) in cells. Hsp90 in-
hibitors block maturation of CDK9 by disrupting the CDK9–CycT1–
Hsp90 complex and thus produce high levels of immature and un-
protected CDK9 that are quickly degraded, leading to the depletion 
of the critically needed P-TEFb in cells, resulting in cell death. Our 
study has thus provided a mechanistic link between the generally 
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low HEXIM1 levels in TNBC and the heightened sensitivity of these 
cells to Hsp90 inhibitors. More importantly, combinatory treatment 
with both Hsp90 and CDK9 inhibitors show higher efficiency of sup-
pression of TNBC. Thus, our study has revealed a potentially novel 
and promising therapy for TNBC using the combination of CDK9 
with Hsp90 inhibitors.

In addition to its functions in P-TEFb processing and regula-
tion, HEXIM1 has also been reported to play a role in DNA-medi-
ated innate immune response by binding to the NEAT1 long non-
coding RNA and forming a multi-subunit RNA-protein complex 
that includes DNA-PK and other para-speckle factors (Morchikh 
et  al., 2017). It is not clear whether this P-TEFb-independent 
function of HEXIM1 is related to its role in human cancer, as these 
HEXIM1-containing RNA–protein complexes are mostly involved 
in anti-microbial and autoimmune responses and have not been 
linked to solid human tumors. In contrast, the ability of HEXIM1 
to regulate P-TEFb has been implicated in many human cancers, 
including melanoma (Tan et al., 2016) and breast cancer (Ogba 
et al., 2010; Ketchart et al., 2011). Thus, the increased sensitivity 
of TNBC cells to Hsp90 inhibition caused by down-regulation of 
HEXIM1 is very likely a P-TEFb-dependent process, which also 
explains the sensitivity of these cells to iCDK9. Because HEXIM1 
has also been found to be down-regulated in malignant mela-
noma (Tan et al., 2016), these tumor cells could also become hy-
persensitive to inhibitors of Hsp90 and/or CDK9. Indeed, Hsp90 
inhibitors have been found to inhibit melanoma proliferation and 
survival (Yeramian et al., 2016; Calero et al., 2017), enhance im-
munotherapy (Mbofung et al., 2017), and help overcome the re-
sistance of metastatic melanoma cells to BRAF inhibitors (Paraiso 
et al., 2012; Smyth et al., 2014). Thus, the HEXIM1-mediated sen-
sitivity to Hsp90 inhibition may be a general phenomenon that 
can be exploited for the treatment of other metastatic human 
cancers in addition to TNBC. Our work also implies that the com-
binatory inhibition of both Hsp90 and CDK9 is a highly effective 
therapy for treating TNBC and other metastatic tumors.

MATERIALS AND METHODS
Cell lines
The MCF10A mammary epithelial cells were cultured in DMEM-F12 
supplemented with 5% horse serum, 20 ng/ml EGF, 10 µg/ml insu-
lin, 0.5 µg/ml hydrocortisone, 100 ng/ml cholera toxin, and 1% peni-
cillin/streptomycin. T47D, BT474, ZR75B, and BT549 cells were 

maintained in RPMI-1640 media containing 10% FBS. MDA-MB-231, 
MDA-MB-468, MCF7, and HeLa cells were cultured in DMEM plus 
10% FBS. The F1C2 cell line is a HeLa-based cell line stably express-
ing Flag-tagged CDK9 (Yang et al., 2001).

Antibodies
The antibodies against CDK9, LARP7, HEXIM1 and BRD4 were gen-
erated as previously described (Yang et al., 2001, 2005; Yik et al., 
2003; He et  al., 2008). Anti-AFF1 and ENL antibodies were pur-
chased from Bethyl Laboratories (Montgomery, TX), anti-AFF4 and 
Hsp90 antibodies from Abcam (Cambridge, UK), CycT1 antibody 
from Santa Cruz Biotechnology, α6-integrin antibody from Zymed, 
anti-tubulin from Calbiochem (San Diego, CA), and anti-Flag (M2) 
from Sigma-Aldrich (St. Louis, MO). Horseradish peroxidase (HRP)–
conjugated anti-rabbit and anti-mouse antibodies were from Jack-
son ImmunoResearch Laboratories and Alexa 488-conjugated anti-
rat antibody was from Invitrogen.

Transfection and infection
shRNA targeting human HEXIM1 (sequence: 5′-AAACAGAGCCTTC-
GAGCTTC-3′) or an shRNA-resistant human HEXIM1-HA (sequence: 
5′-AAACAGAGCTTGAGAGCTTC-3′) was introduced into breast 
cancer cell lines by retroviral infection as described previously (Zhu 
et  al., 2007). Briefly, shHEXIM1 in pSUPER.retro.puro vector or 
HEXIM1-HA in pBabe.puro vector was transfected together with 
retroviral packaging vectors into 293T cells, and viral supernatant 
was used to infect the breast cancer cells. Single colonies of infected 
cells were selected in the presence of puromycin and analyzed.

Quantitative RT-PCR (qRT-PCR)
qRT-PCR was performed with ABI 7300 (Applied Biosystem) and a 
DyNAmo HS SYBR Green qPCR kit (Fisher Scientific) according to the 
manufacturers’ instructions. The gene-specific primers used in qRT-
PCR are HEXIM1, forward 5′-CCAGCCTCAAACTAGCAACTG-3′ and 
reverse 5′-CGCTCTCGATTGCCACCTAC-3′; GAPDH, forward 
5-AGCCACATCGCTCAGACAC-3′ and reverse 5′-GCCCAATAC-
GACCAAATCC-3′. All PCR reactions were performed in triplicates.

Immunoprecipitation and Western blotting
Nuclear extracts (NEs) were prepared from cultured cells, and 
immunoprecipitation and Western blotting were performed as 
previously described (Lu et al., 2014). Briefly, NEs were incubated 

FIGURE 5:  HEXIM1 is required for the assembly of P-TEFb into the 7SK snRNP. (A, B) Nuclear extracts (NE) were 
prepared from control or HEXIM1 KD MDA-MB-231, A, or F1C2, B, cells and subjected to immunoprecipitation with 
anti-CDK9 or anti-FLAG antibodies. The 7SK snRNP, SEC, and BRD4 associations were examined by Western blotting. 
(C) CDK9 was isolated from control or HEXIM1 KD F1C2 cells with anti-FLAG, and CDK9-associated proteins were 
visualized by silver staining. (D) Control or HEXIM1 KD MDA-MB-231 cells were treated with 0.05 µM GA for 24 h. 
Binding of CDK9 to Hsp90 and HEXIM1 was analyzed by immunoprecipitation with anti-CDK9 followed by Western 
blotting. (E) CDK9, CycT1, and Hsp90 exist in the same complex. F1C2 HEXIM1 KD cells expressing HA-Hsp90 were 
subjected to sequential immunoprecipitation: first with anti-FLAG antibody (for CDK9-FLAG) and then with anti-HA. 
CycT1 that associates with both CDK9 and Hsp90 was detected by Western blotting. (F) In vitro kinase assays. The free 
P-TEFb was isolated from the F1C2 nuclear extract by immunoprecipitation with anti-FLAG under the high-salt condition 
(1 M KCl + 1% NP-40). The Hsp90-associated P-TEFb was isolated with anti-HA-Hsp90 from HEXIM1 KD F1C2 cells. The 
CDK9 levels in the two complexes were normalized before the complexes were subjected to an in vitro kinase assay. 
p-CTD52, phospho-CDK9 (p-CDK9), CDK9, CycT1, and Hsp90 were detected by Western blotting. (G) F1C2 cells were 
treated for 24 h with varying concentrations of GA as indicated. CDK9 was isolated from NE by immunoprecipitation 
with anti-FLAG, and CDK9-associated proteins were detected by Western blotting with the indicated antibodies for the 
7SK snRNP, SEC, and BRD4 complexes. (H, I) Clonogenic growth of breast cancer cells was inhibited by iCDK9 treatment 
either alone, H, or together with GA, I. Data are presented as means ± SD in triplicates. *p < 0.05, **p < 0.01, Student’s t 
test. (J) A model of HEXIM1 function in P-TEFb maturation and processing. CDK9–CycT1–Hsp90 and CDK9–CycT1–
HEXIM1 complexes are necessary intermediates that allow transfer of CDK9 from Hsp90 to the 7SK snRNP.
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with specific antibodies coupled to protein A beads at 4°C for from 
2 h to overnight. After being washed with buffer D (20 mM HEPES-
KOH, pH 7.9, 15% glycerol, 0.2 mM EDTA, 0.1% NP-40, 1 mM DTT, 
and 0.5 mM PMSF) containing 0.3 M KCl, the proteins of interest 
were eluted with 0.1 M glycine (pH 2.0) and analyzed by Western 
blotting with the indicated antibodies.

In vitro kinase assay
The P-TEFb complexes were isolated by immunoprecipitation, and 
the immune complex immobilized on antibody beads was incu-
bated with 100 ng GST-CTD52 at 30°C for 30 min in a 25-μl reaction 
buffer containing 10 mM MgCl2, 50 mM NaCl, 50 mM HEPES pH 
7.4, 1 mM DTT, and ±50 μM ATP. The kinase reaction was stopped 
by the addition of 10 μl of 4× SDS loading buffer and boiled at 95°C 
for 10 min.

Three-dimensional culture
Culture of mammary epithelial cells in the 3D laminin-rich extracel-
lular matrix (Matrigel) was done as described previously (He et al., 
2008). Briefly, cells were seeded in growth factor–reduced Matrigel 
(BD Biosciences) in the wells in an eight-well chamber slide and fed 
every 4 days. Drug treatment was performed at day 4. Cells were 
fixed on day 7 and stained for α6-integrin as a basal–lateral marker. 
Microscopy was performed on a Zeiss LSM710 confocal microscope 
at the Berkeley Biological Imaging Facility.

Wound healing assay and cell migration
Cells were cultured in 12-well plates to confluence. A plastic tip was 
used to generate a wound across the cell monolayer. The wound 
closure was measured after 24 h. Migration assays were performed 
in Transwell chambers (Corning). In medium containing 1% FBS, 1 × 
105 cells were seeded onto membranes in top chambers and al-
lowed to migrate toward the bottom chambers filled with medium 
containing 10% FBS. Migrated cells were stained with 0.1% crystal 
violet in methanol.

The soft agar assay
Five thousand cells were suspended in 1.2 ml medium containing 
0.375% Bacto Agar (BD) and overlaid on the hardened bottom layer 
containing 0.66% agar in a well of a six-well plate. Fresh medium 
(1.2 ml) containing 0.375% agar was added to each well once a 
week for 3 wk. The colonies were visualized by staining with 0.5 mg/
ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 
(MTT) (Sigma) for 4 h at 37°C.

Proliferation, colony formation, and survival assays
Thirty thousand cells were seeded in triplicate in six-well plates for 
24 h and treated with drugs or DMSO at varying concentrations. 
Proliferation of cells were scored by cell counting at day 3–5 and 
normalized to the control DMSO-treated group. For colony forma-
tion assay, 1 × 103 cells were seeded in a well in 6-well plates in 
triplicates for 24 h and treated with drugs. Cell colonies were fixed 
with 4% paraformaldehyde for 10 min and stained with 0.1% crystal 
violet for 15 min at room temperature. To evaluate apoptosis or cell 
survival, 1 × 106 cells were seeded in a well of six-well plates and 
then treated with 0.05 µM GA for an additional 48 h. Cells were 
stained with 50 µg/ml propidium iodide (BD, Cat# 550825) and ana-
lyzed by flow cytometry.

In vivo xenograft assay
Female nude mice (6 wks old) were obtained from Jackson Lab. 
MDA-MB-231 control and HEXIM1 KD cells (2 × 106 cells) were 

injected subcutaneously to induce tumor formation. Tumor growth 
was monitored by measurement of tumor diameters with a caliper, 
and the tumor volume was calculated using the following formula: 
volume = 0.52 × (length × width2). After tumors reached a measur-
able size (∼100 mm3), GA (20 mg/kg) was injected intraperitoneally 
twice per week for three additional weeks. The solid tumors were 
then removed and weighed.

Histology and TUNEL assay
Tumors were fixed in 4% formalin and paraffin embedded. The em-
bedded tissues were sectioned and stained with hematoxylin and 
eosin (H&E) according to a standard protocol using Shandon Gem-
ini Varistain ES Automated Slide Stainer (Thermo Fisher Scientific). 
The tumor sections were subjected to the TUNEL assay using the 
TUNEL immunofluorescence kit (Promega) according to the manu-
facturer’s instructions. The level of apoptosis was quantified by com-
paring the number of apoptotic cells to that of the total cells.

Immunohistochemistry
Immunohistochemistry was performed on a breast cancer tissue ar-
ray (BR1503b, US Biomax) using the Tyramide Signal Amplification 
Biotin System Kit (NEL700A001KT, Akoya Biosciences) with anti-
HEXIM1 antibodies (1:200, ab245494, abcam), following the manu-
facturer’s instructions. Images were captured using the Zeiss AxioIm-
ager M1 microscope, and the relative signal intensity was quantified 
by ImageJ software. The average intensity per pixel was measured 
on each image of the stained slide.

Database analysis
We examined the expression profile of HEXIM1 in two human 
cancer datasets from the Cancer Genome Atlas (TCGA) (https://
cancergenome.nih.gov) and Oncomine (www.oncomine.org), using 
the threshold search criteria as previously described (Ji et al., 2014). 
The Mann–Whitney test was used to evaluate the significance of 
differences in HEXIM1 expression between the cancer and normal 
control groups.

Statistical analysis
Data are presented as mean values from at least three biological 
replicates, with error bars denoting standard deviations. Compari-
sons between two groups were analyzed using the two-tailed 
Student’s t test. The significance level was set at p values *p < 0.05, 
**p < 0.01, ***p < 0.001. Statistical analyses were conducted using 
ImageJ and the Graphpad Prism software.
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